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I. Abstract
Kasten (gravity) cores and sidescan sonar images collected from the microtidal 
York River subestuary were used to examine temporal seabed changes and refine 
previous sedimentary facies models. An across-channel transect near Ferry Point 
(upstream of Gloucester Point) is described by a spring-neap time-series (63 cores) of
A -I o n
Pb, Cs, Be, x-radiographs, sidescan sonar, and current meter data for 1999. Four 
subenvironments were sampled: southern shoal, flank, secondary channel, and main 
channel. Various combinations of long- and short- term events (e.g. spring-neap tidal 
cycle, spring freshet, storms) influence subenvironment sediment structure and physical 
mixing depths. The spring-neap cycle influenced sediments only on the southern shoal, 
whereas the spring freshet resulted in temporary deposition in the shoal and flank. Major 
events, such as hurricane Floyd, did not obviously affect sections of the river except as 
result of subsequent longitudinal sediment transport along the estuary channel. Inter­
annual variations in river discharge and estuarine circulation also likely control sediment 
supply to this section of the river. Overall, the data indicate that the seabed at the upper 
York transect is frequently disturbed as to prevent the preservation of bioturbation 
structures in surface sediments (0-30 cm).
Kasten cores (13) and sidescan sonar images were also collected from the lower 
York in January of 1999 and are compared with the upper York River. Subenvironments 
were distinguished based on changes in bathymetry: shoal, shoal flank, terrace, terrace 
flank, and channel. Sediments are significantly bioturbated and the radioisotope data 
indicate that the seabed of the lower York is not subject to physical mixing as frequently 
as the upper York River. Accumulation rates are highest in the channel and indicate that 
bathymetry and slope are the primary controls on erosion/deposition.
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II. Introduction
The complex interactions between physical and biological processes in an estuary 
create strong gradients of sediment mixing and accumulation both in along- and across- 
channel directions which are reflected in the sediment record (Schaffner et al., 1987a; 
Nichols et al., 1991; Dellapenna, 1999; Schaffner et al., 2001). Though benthic 
community structure is primarily controlled by the interrelationship between salinity 
gradients, oxygen gradients, and sediment and energy inputs, the preserved record of 
bioturbation in the substrate is a function of the frequency and depth of the deposition and 
erosion cycle (Schaffner et al, 1987a). Physical mixing (e.g., erosion, resuspension, and 
deposition) and bioturbation (e.g., burrowing, tunnel making, and feeding) cause mixing 
within the substrate and delay burial of sediment particles (Sanford, 1992). The dominant 
form of mixing controls particle and fluid flux across the water-sediment interface. 
Biological mixing often results in long particle residence times in the mixed layer and can 
be modeled as an eddy diffusive (long-term) or an advective (short-term) process. The 
degree to which a sediment column is bioturbated depends on benthic community 
structure and its temporal and spatial variability (Officer and Lynch, 1989; Sanford, 1992; 
Dellapenna et al, 1998; Kirchner et al., 1998; Dellapenna, 1999, Schaffner et al., 2001). 
Depending upon the driving processes (e.g. wind, waves, tides, storm surges) and their 
characteristic time scales, physical mixing can reintroduce entire packages of sediment 
and pore water into the water column and is therefore modeled as an advective process 
(Sanford, 1992; Dellapenna et al., 1998; Dellapenna, 1999). Deeply buried sediments no 
longer exchange chemicals, particles, or pore water with the water column and are 
preserved as part of the sediment record (Sanford, 1992).
Typically, macrotidal (> 4 m) estuaries are considered to be high-energy regimes 
and exhibit deep physical mixing on short (tidal) time scales (e.g., Amazon, Tamar, and 
Wesser estuaries; Kuehl et al., 1996; Grabemann et al., 1997). Microtidal (< 2 m) 
estuaries are generally assumed to be low-energy, quiescent systems undergoing infilling 
(with the exception of possible deep physical mixing during storms) (e.g., Tampa Bay, 
Sarasota Bay; Dalrymple and Zaitlin, 1994; Anthony et al., 1996; Brooks and Doyle, 
1998). The microtidal York River, however, exhibits deep physical mixing on the spring-
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neap tidal cycle, indicating a physically energetic system (Dellapenna et al., 1998; 
Dellapenna, 1999).
A comprehensive understanding of the sediment record within the York River 
subestuary and other physically energetic systems requires delimiting the subenvironments 
and assessing the relevant time scales of sediment mixing and accumulation. A relatively 
pristine estuary in terms of dredging and anthropogenic contaminants, York River mixing 
gradients can be compared with other physically energetic macrotidal systems and 
microtidal systems and used to predict areas which are sediment, and therefore, 
contaminant sinks. The York River facies model proposed by Dellapenna (1999) 
primarily focused on across channel variation rather than longitudinal variations, and 
identified a biologically dominated shoal and flank, physically dominated shoal and flank, 
secondary channel, and main channel. However, some facies descriptions were based 
upon a single core leaving large sections of area that exhibit variations in bathymetry, 
bedform structure, and substrate unexamined.
Using a new suite of sediment cores and more rigorous time-series sampling, this 
study was designed to: 1) examine temporal seabed changes in the upper York River to 
determine which energy inputs (e.g., tidal, wave, riverine) most influence mixing and 
accumulation patterns, and 2) better delineate sedimentary facies, particularly in the 
lower York River. The resolution of small scale spatial and temporal variability will help 
to more firmly establish the characteristics of each subenvironment, facilitate a 
comparison of the relative proportion of energy inputs into the system along the length of 
the subestuary, and help reveal the nature of estuarine sediment disturbance processes, 
nutrient and trace element cycling, and strata formation (Nittrouer et al., 1979; Nittrouer 
and Sternberg, 1981; Rhoads et al., 1985; Schaffner et al., 1987 a & b; Nevissi et al.,
1989; Kuehl et al., 1988; Kuehl et al., 1995). A fuller understanding of sediment mixing 
and accumulation patterns within this physically dominated system can also be used as a 
basis for comparison with other microtidal systems as well as ancient deposits because it 




A general tripartite facies model is often used to compare modem facies 
distributions in estuaries and to explain the interrelationship between energy regime and 
the substrate: the bay mouth where net sediment transport is landward; the funnel zone or 
low-energy central zone where there is a net bedload convergence from the sea and river 
sources; and the river-dominated meander zone where net sediment transport is seaward 
(Nichols et al., 1991; Dalrymple et al., 1992). However, this pattern of energy distribution 
is not the case for the York River; total (wave, tidal, and fluvial) energy along the length 
of the river shows an energy maxima within the funnel zone relative to West Point and the 
Chesapeake Bay (Schaffner et al., 2001). The extent of each zone within an estuary 
depends upon the combined influence of waves and tides, temporal changes in the supply 
of river-derived sediment and other fluvial processes, the antecedent geometry and 
bathymetry of the channel, and the evolutionary stage of the estuary (Dalrymple et al., 
1992; Reinson, 1992; Morales, 1997). However, the complexity of these intergradational 
relationships makes describing estuarine sequences with a single facies model difficult 
(Frey and Howard, 1986).
Macrotidal and mesotidal estuaries have been the primary focus in recent sediment 
facies models. These estuaries are thought to be influenced more by physical processes 
than microtidal estuaries on short-term (tidal and spring-neap tidal cycles) scales because 
the total energy is higher within the estuary (Brooks and Doyle, 1998; Dalrymple et al., 
1992). The high energy, macrotidal Tamar (England) and Weser (German Bight) 
estuaries have similar tidal ranges and mean tidal current speeds, but differ in morphology 
and fluvial input. The turbidity maximums of the two estuaries respond in a similar 
manner to the spring-neap tidal cycle and river spates, but exhibit dissimilar facies 
> distribution because of differences in basin morphology, fluvial input, and substrate 
(Grabemann et al., 1997). As a result of a relatively larger longitudinal energy gradient, 
mesotidal estuaries, like the Spanish Guadiana and Piedras River estuaries, exhibit larger 
longitudinal rather than lateral changes in facies distribution (Borrego et al., 1993; 
Morales, 1997). Microtidal estuaries with medium to high sediment supplies tend to
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exhibit a more advanced stage of infilling than either macrotidal or mesotidal estuaries 
because the sediment moved onto the continental shelf by tidal activity is transported back 
onto shore by waves and deposited as barriers or bars (Morales, 1997).
Sarasota Bay and other microtidal estuaries do not appear to be significantly 
influenced by the spring-neap tidal cycle as compared the Tamar and Weser estuaries. 
Instead, low-frequency storm event beds comprise the majority of the sediment record 
(Davis et al., 1989). Storm events and tidal currents are also the primary physical 
processes that control the facies distribution within Tampa Bay, Florida, a microtidal, 
extremely shallow (over 50% between 2-6 m), sediment starved estuary incised into 
carbonate strata. Wind-waves generated during winter frontal systems and summer 
tropical storms are an especially important resuspension mechanism due to the extremely 
shallow nature of this bay (Brooks and Doyle, 1998). It is important to notice in the 
aforementioned system that bathymetry, as well as relative variability in riverine, wave, 
and tidal conditions as a function of climate largely influence the sediment record.
Schaffner et al. (1987b) developed a process-oriented facies model for the 
microtidal James River based upon the interaction of physical and biological mixing as a 
function of salinity, bathymetry, benthic community structure, and sediment accumulation 
patterns. Comparative analyses of 137Cs profiles, salinity, and benthic community 
structure along the channel of the James River reveal that salinity changes primarily 
control faunal composition, with increasing salinity resulting in greater, whereas the 
record of bioturbation within strata is dependent upon the frequency and intensity of 
physical sediment mixing and accumulation. In other words, physically dominated 
substrates display high net depositional rates, whereas biologically dominated substrates 
can be practically non-depositional (Schaffner et al., 1987b; Dellapenna, 1999). 
Furthermore, intense bioturbation in the funnel zone may be restricted to the upper few 
centimeters where the probability of physical disturbance is highest. Given that the 
dominant form of mixing is dependent upon the frequency of physical processes, the time 
scales of interaction between physical and biological processes must be resolved in order 
to fully comprehend the processes of strata formation (Schaffner et al., 1987a).
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B. Contaminants in Estuarine Systems
Many pollutants are highly reactive and tend to be irreversibly scavenged by fine­
grained particles, therefore, contaminant concentrations often reflect sedimentary 
processes (Krishnaswami, et al., 1971; Nittrouer and Sternberg, 1981; Olsen et al., 1981; 
Olsen et al., 1982; Officer and Lynch, 1989; Olsen et al., 1993; Hirschberg et al., 1996). 
Knowledge of the relevant times scales of sediment deposition, resuspension, erosion, and 
the relationship between physical and biological mixing is prerequisite to remediation 
efforts (Meade, 1973; Frey and Howard, 1986; Schaffner et al., 1987b; Schaffner et al., 
1987a; Olsen et al., 1993). The sediment record of the past 100-150 years is of the utmost 
interest in terms of industrial inputs and subsequent environmental changes.
Particle-contaminant association may occur as a result of: 1) ion exchange, 
precipitation, or hydrophobic interaction with the particle surface, 2) co-precipitation 
with Fe and Mn hydrous oxide coatings, 3) complexation with organic substances bound 
or aggregated with particles, 4) incorporation into mineral lattices, organisms, or fecal 
material, or 5) flocculation of colloidal organic and inorganic matter during river and sea 
water mixing (Olsen et al., 1982). The predominant mechanism of sorption is controlled 
by the chemical form and concentration of the pollutant and the chemical attributes of the 
suspended particle. Contaminant accumulation patterns in coastal and estuarine 
environments are a function of particle size, organic content, net depositional rate, and 
sediment mixing (Olsen et al., 1982). Although bulk transport of some pollutants occurs 
during spring freshet and storm events, the highest contaminant concentrations occur 
during summer low flow and slack tide conditions (Bopp et al., 1981; Olsen et al., 1989).
Over time, many contaminants tend to be removed from the influence of estuarine 
processes by burial in the sediment record. However, both physical and biological 
mixing tend to delay burial of conataminants by increasing particle residence times in 
surficial sediments. In order to interpret pollutant fate in an estuarine system, 
interdisciplinary research (sedimentary processes, benthic community structure, estuarine 
circulation, contaminant cycling) is required (Olsen et al., 1982).
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C. Geochronology
Whether of natural or synthetic origin, radioisotope profiles can be used to infer 
sediment mixing and accumulation rates on varying time scales (based on the 
radioisotopes half-life and/or input function)(01sen et al., 1981; Nittrouer et al., 
1983/1984; Kuehl et al., 1995; Dukat and Kuehl, 1995; Hirschberg et al., 1996; 
Dellapenna et al., 1998; Dellapenna, 1999). Generally, use of these tools requires the 
following assumptions: a) the isotope spends little time in the water column (with respect 
to its half-life, ti/2) before being scavenged; b) initial activity is constant (or reflects the 
measured atmospheric input in the case of 137Cs); c) scavenging of the radioisotope by 
sediment particles is irreversible (Appleby and Oldfield, 1983; Sugai et al., 1994).
If sediment input is constant, and the seabed is undisturbed, the accumulation rate 
can be determined from radioisotope excess activity profiles using following equation:
A = Xz
ln(Co/Cz), 
where A = the accumulation rate,
C0= activity of a radioisotope in the top of a profile,
Cz= activity of the radioisotope at depth, z, and 
X = radioisotope decay constant.
Interpretations of profiles with mixing zones must incorporate a mixing term (Nittrouer et 
al., 1983/1984; Sanford, 1992). Although organisms move sediment primarily in a 
horizontal direction, the radioisotope profiles generally reflect a diffusive-like process as 
horizontal displacement combines with vertical advection by burrowing organisms such as 
capitellid polychaetes and oligochaetes (Wheatcroft, 1991; Sanford et al. 1992; Sugai et 
al., 1994; Schaffner et al., 2000). Therefore, for profiles with biological mixing processes 
that resemble diffusion, the equation becomes:
A = Xz - (Db/z) In (Co/Cz), 
ln(Co/Cz)
1
Where Db is a mixing coefficient describing the intensity of particle reworking in cm yr , 
that is directly related to the distance particles are moved and inversely related to the rest 
period (Nittrouer et al., 1983/1984; Wheatcroft et al., 1990; Harden et al., 1992).
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If accumulation can be ignored, the mixing coefficient can be expressed as:
Db= l  [z/ln(CyC2)]2.
Radioisotopes are useful for delineating processes occurring on time scales of 
roughly 4-5 half-lives. 7Be (ti/2 = 53.3 days) can be used to infer mixing and 
accumulation on time scales of several months, whereas 210Pb (ti/2 = 22.3 years) can be 
used for time scales of a few decades up to 100 years. Both 7Be and 210Pb are naturally 
produced. Use of I37Cs, an anthropogenic radioisotope, depends on input function and 
can only delineate processes after its first appearance in 1954 from intensive atmospheric 
testing of nuclear weapons. The input functions of these isotopes vary and include 
offshore ocean waters, river inputs, in-situ decay of 226Ra (for 210Pb), as well as the major 
input by atmospheric precipitation (Bruland et al, 1974; Dukat and Kuehl, 1995; 
Srisuksawad et al., 1997). Atmospheric inputs of 210Pb and 7Be for several estuaries have 
been shown to be much greater than riverine inputs (Baskaran et al., 1997). Specifically, 
the river-derived 7Be delivered to the James River is less than 5% of the atmospheric 
input (Olsen et al., 1986). Atmospheric input of these three radionuclides can vary in 
fallout concentration according to latitude, weather patterns, proximity to nuclear testing 
(i.e. for 137Cs), etc. over the short-term (1-4 weeks)(Dibb and Rice, 1989; Clifton et al., 
1995; Sriskusawad et al., 1997).
Be, a cosmogenic radioisotope produced by cosmic ray spallation of N and O, has 
been shown to vary in estuarine sediments spatially and temporally due to estuarine 
circulation, the location of the turbidity maximum (sediment focusing), and horizontal 
transport (Olsen et al., 1986; Dibb and Rice, 1989). 2I0Pb, a product of the 238U series, is 
the daughter of Ra and other intermediate, extremely short-lived radioisotopes 
(Krishnaswami et al., 1971). Among other nuclear fission byproducts introduced into the 
atmosphere in 1954, 137Cs, is a useful tool in gauging pollution, air circulation patterns, 
sediment accumulation, and contaminant distribution because it is rapidly deposited 
(Calmet and Fernandez, 1990). Both 137Cs and 210Pb are preferentially adsorbed onto clay 
minerals, fine silts, freshwater sediments, and humic materials (Nevissi et al., 1989; 
Kirchner et al., 1998). Fortunately, the limitations and capabilities of the two methods are
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complementary. For example, deep mixing is indicated when the 137Cs maximum depth 
exceeds the sum of the mixed layer depth plus the accumulation (both determined by 210Pb 
profile) since the first appearance of I37Cs in 1954 (Olsen et al., 1981; Olsen et al., 1993; 
Sugai et al., 1994; Dukat and Kuehl, 1995; Dellapenna et al., 1998).
D. The York River
The Chesapeake Bay, the largest coastal plain estuary along the Atlantic coast of 
North America, accommodates six main tributaries: the Susquehanna, Patuxent, Potomac, 
Rappahanock, York, and James Rivers. The study area, the York River, begins at the 
confluence of the Mattaponi and Pamunkey rivers and drains into the Chesapeake Bay 50 
km downstream (Fig. 1). The present channel location is controlled by the morphology 
of the antecedent Pleistocene incised river valley (Carron, 1976). Flolocene sea-level rise 
drowned the river valley, subsequently causing a decrease in river base level and infilling 
of at least two ancient channels. A remnant paleochannel (or secondary channel) 
parallels the present main channel upstream of Paige’s Rock. Bottom sediment texture 
ranges from Holocene silty clays at depth in the channel and flanks to fine Pleistocene 
sands along the shallow ancient terraces lining the channel.
The section of river downstream of Gloucester Point (lower York River) is 3-6 km 
wide with a relatively broad northern shoal and narrow southern shoal; the average 
channel depth is approximately 22 m. Upstream of Gloucester Point (upper York River), 
the channel narrows and has an average depth of 10 m. The adjacent secondary channel is 
separated from the main channel by an inactive oyster bar; it approaches 1 km in width, 
and is 12 km long with an average depth of 5 m.
Estuarine water column density distributions result from both advective and 
turbulent water column mixing processes and can be correlated with changes in water 
depth (Huzzey and Brubaker, 1988). Therefore, lateral variability in density gradients 
and circulation may be characteristic of estuaries with large changes in depth across the 
estuary. The York River upstream of Gloucester Point, though classified as a partially 
mixed estuary, exhibits lateral differences in stratification and current velocities on tidal 
as well as spring-neap tidal time scales (Huzzey and Brubaker, 1988; Sharpies et al.,
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1994). Longitudinal fronts, aligned parallel to the axis, form in a matter of a few hours 
along the inner edge of the shoals and over the main channel and cause strong lateral 
gradients through differential advection (Huzzey and Brubaker, 1988). CTD 
measurements indicate that the water column over the shoals remains well mixed at all 
times, whereas the channel experiences variations in stratification. The observed lateral 
density gradients are most distinct at or near slack tide and least distinct during maximum 
flood or ebb current on tidal time scales (Huzzey and Brubaker, 1988). On the spring- 
neap tidal cycle, density gradients are greatest during neap tides and are a function of 
tidal mixing energies overcoming normal estuarine circulation (Sharpies et al., 1994). 
Wind stresses and localized surface heating further complicate tidal-driven patterns of 
density gradients partially due to the shallow nature of the estuary. Episodic wind events 
(equal to or greater than 10 m s'1) may completely homogenize the water column and 
force changes in lateral circulation (Sharpies et al., 1994). Lateral circulation between 
the shoal and channel may be driven by these density gradients (Huzzey and Brubaker, 
1988). Near or during slack tide, pressure gradients will be directed from the center of 
the estuary towards the banks (Huzzey, 1988). Maximum density differences are at the 
boundary between the shoal and channel, or over the flank, implying highly localized 
shear stresses which are greatest at times of minimum currents (Huzzey and Brubaker, 
1988). Current meter measurements in the secondary channel indicated mean near 
bottom (1 m) velocities o f20-40 cm/s with maximum spring and neap flood frictional 
velocities of 2 cm/s and 0.7 cm/s, respectively (Wright et al., 1996). Furthermore, flume 
experiments measured critical shear stresses of 0.03 Pa to 0.08 Pa (mean critical friction 
velocities of 0.55 -  0.89 cm/s; Maa and Wright, 1999). Therefore, erosion is more likely 
during the higher frictional velocities of the spring tides.
The entire length of the York River is classified as a funnel zone according to the 
coastal plain classification scheme proposed by Nichols et al. (1991). “Opportunistic”, 
shallow-dwelling benthic communities have been identified in the funnel zone of the 
James River and the York River (Schaffner, 1987b; Dauer and Alden, 1995; Schaflher et 
al., 2000). Schaffner et al. (2001) characterized the benthic community structure for 
discreet sections (upper, middle, and lower) of the York River. The upper estuary (from
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the tidal freshwater reaches of the Mattaponi and Pamuhkey Rivers to the upper York 
River; salinity ~5ppt) is characterized by amphipods such as Leptocheirus plumulosus, 
oligochaetes, and the bivalves Macoma balthica and Macoma mitchelli. Annelids, such 
as the polychaete Nereis succinea, and the bivalves Macoma balthica and Crytopleura 
costata dominate the middle zone of the York River (from the Coleman Bridge to the 
confluence of the Mattaponi and Pamunkey Rivers), whereas the lower section 
(downstream of Gloucester Point) is distinguished by a variety of annelids, the hydroid 
Sertularia argentea, and the urochordate Molgula manhattensis (Schaffner et al., 2000). 
The dominant fauna can affect the method of biological mixing within a subenvironment, 
for example, most motile bottom-dwellers such as capitellid polychaetes and oligochaetes 
feed at depth and defecate at the surface (an advective versus diffusive process; Schaffner 
et al., 1987a).
Based in part upon work done by Schaffner et al. (1987b) and Nichols et al.
(1991) in the Chesapeake Bay region, Dellapenna (1999) created a process-oriented 
sedimentary facies model that characterized the interrelationships between physical and 
biological processes within the muddy substrate of the York River Subestuary. 
Contrasting the dynamics of sediment mixing, strata formation, and seabed particle 
residence times of the Chesapeake Bay and the Upper York River, Dellapenna (1999) 
described the York River as physically dominated with the preservation of biological 
mixing increasing downstream. The York River was divided into a physically dominated 
shoal and flank, secondary channel, and main channel, and a biologically dominated 
shoal and flank. The physically dominated shoal and flank display up to 200 cm of 
mixing and accumulation rates from 0.25 -  0.76 cm y'1, respectively, whereas low to no 
accumulation is observed in the biologically dominated zone (40 cm of mixing). A 
biologically dominated northern shoal and a physically dominated southern shoal 
distinguish the upper York River Subestuary (upstream of Gloucester Point) from the 
lower York River Subestuary (downstream of Gloucester Point) which exhibits the 
opposite trend, (i.e. biological processes are manifested on the southern shoal).
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Longitudinal furrows, 12 km long and spaced between 0.7 to 7 m apart, were 
found in the secondary channel during neap tides and accounted for -25 cm of mixing. 
Dellapenna (1999) quantified the spatial heterogeneity (20 to 30cm) within the secondary 
channel subenvironment by coring within and along the sides of the furrow bedform 
features. A deeper (40 - 120 cm) mixing signal was attributed to physical processes 
operating on annual to interannual time scales (e.g., migration of the turbidity maximum). 
The sediment record in the secondary channel is dominated by discreet packages of 
laminae, indicating that short-term events (spring/neap tides, co-phased tides, and spring 
freshets) control sea-bed mixing resulting in a mixed layer depth equivalent to 70 years of 
river sediment yield. Hydroid mounds were identified just upstream of the Coleman 
Bridge and reported to extend to the mouth (Wright et al., 1987: Dellapenna, 1999; 
Schaffner et al., 2000). The channel downstream of Gloucester Point increases in width, 
consequently lessening the influence of short-term, or frequent, physical processes 
(specifically tides). However, its relative proximity to the Chesapeake Bay and the open 
ocean increases the influence of longer-term physical processes (e.g., storms) with 
respect to the narrower upper York River channel (Dellapenna, 1999).
Given that Dellapenna’s (1999) subenvironment descriptions for the lower York 
River were based upon the sediment structure observed in only a few cores and that only 
one upper York subenvirpnment (secondary channel) was intensely scrutinized, spatial 
and temporal variability in the intensity and preservation of physical and biological 
mixing and spatial variations in sediment surface bedform regimes along- and across- 
channel have not been adequately addressed. Biological mixing should be more evident 
in the sediments of the lower York River because salinity is greater (leading to greater 
benthic community diversity and numbers of organisms) and the bathymetry and 
geometry decrease the influence of wind and river inputs. Upper York sediments should 
reflect physical mixing processes and tend to be more susceptible to ephemeral 
deposition because this section of the estuary is considerably shallower than the lower 
York, and therefore more vulnerable to wind events, tidal currents, and rain events. In 
addition, the proximity of a source of freshwater greatly increases salinity variability and 
also deleteriously affects infaunal community structure.
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The relevant time-scales that dominate sediment accumulation and mixing within 
the York River vary along- and across- channel primarily as a function of the relative 
inputs of fluvial, tidal, and wave energy. Therefore, the observed mixing and 
accumulation patterns can be used to infer which energy inputs most influence strata- 
formation in the upper York River. Longer-term events (storms and hurricanes) have a 
greater impact on the sediment record within the lower York River than do short-term 
events (daily tides and bi-weekly neap and spring tides) because the channel is wider, 
causing the importance of tidal current inputs to be relatively less than in the upper York 
River channel, and closer to the waves and storms generated in the open ocean and main 
stem Chesapeake Bay. Data from the upper York River Subestuary should therefore 
indicate the relative importance of short-term events. However, spring freshets should 
affect upper York River mixing and accumulation rates more than the lower York River 
as a function of proximity to the input. In summary, this study proposes to further 
delineate the subenvironments of the lower York River and modify the facies model 
proposed by Dellapenna (1999) as well as conduct atime-series investigation in the upper 
York River in order to resolve the relative influences of the spring-neap tidal cycle, storm 
events, and spring-freshet events on the preserved record.
IV. Methods
Sixty-three 3-meter Kasten cores were collected over the duration of the sampling 
period (February through October, 1999) from an across-channel transect at the Pod Site 
in the upper York River. An array of current meters was deployed from January through 
April, 1999 at the Pod Site (Fig. 1). Possible disturbance of the topmost few centimeters 
due to tilting of the barrel during sampling was assessed with a tiltmeter attached to the 
head of the core. The sites within the transect were selected on the basis of sidescan sonar 
observations and the facies model proposed by Dellapenna (1999) in order to compare and 
contrast sediment mixing and accumulation on spring-neap, seasonal, and annual time 
scales in the various subenvironments: shoal, secondary channel flank, secondary channel, 
and main channel. Spatial and temporal scales were resolved by: 1) using sidescan sonar 
to identify those environments prone to furrows, 2) taking multiple cores at the secondary 
channel site within a few 10’s of meters of each other, and 3) taking multiple cores on a
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greater spatial scale in the shoal subenvironment. Samples were collected during the 
spring and neap tides for each monthly cruise. The spring and late summer to early-fall 
months are of primary interest because of the changes in river discharge (flow generally 
decreases as summer progresses) and seasonal storms (spring storms followed by summer 
hurricanes). The lower York River was sampled across changes in bathymetry along- and 
across-channel at 13 locations where changes in energy regimes were indicated, though 
not delineated, by the proposed facies model. X-radiographs, radioisotope activities, 
grain-size analysis, and water content subsamples were obtained from all Kasten cores in 
the lower York River.
Subsamples (2-cm-thick sections) were collected at regular intervals along a given 
Kasten core for sedimentological and radiochemical analyses. 137Cs ( t^  = 30.1 yrs.) and 
7Be (t 1/2 = 53 days) activities were measured (at similar geometries) using a semi-planar 
intrinsic germanium detector coupled with a multi-channel analyzer. The samples were 
homogenized, packed wet in a 70 mL petri dish, and counted for approximately 24 hrs to 
achieve acceptable counting statistics (i.e., the photopeak is easily distinguishable from 
the background signal). Alpha spectroscopy was used to measure 210Pb activities 
following the methods of Nittrouer et al. (1979). In a modified version of the procedure, 
the sample is spiked with a known amount of 209Po, the yield determinant, and partially 
digested in 16N HNO3 and 6N HC1 in order to release the 2I0Po from the fine fraction. At 
depth, Pb values become negligible, allowing an estimation of Ra supported 
activities. A small fraction of the subsamples (20-40 g) was weighed, oven dried for 
approximately 3 days at 70°C or until dry, and weighed again (not corrected for salt 
content) to assess the water content.
Plexiglass trays were used to sub-sample Kasten cores while preserving the 
sediment structure. The trays were exposed to x-rays in a Dinex 120-f X-ray unit at 3mA 
and 60kV for approximately 1 minute, 45 seconds, and the images developed on Kodak 
Industrex redipack ™ film Changes in bulk density (e.g. grain-size, water content, 
sediment composition) are reflected in the resulting negative x-ray image in which dark
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and light features represent transparent and opaque sediments, respectively (Sugai et al., 
1994).
A digital Marine Sonics Sidescan sonar system at 600 kHz along with a differential 
GPS for navigation was used during each cruise in order to identify the bottom 
morphology, features associated with human disturbance (pound stakes, trawling, and 
dredging), natural sediment transport processes (bedforms and shell armoring), and 
biogenic features (hydroid mounds, etc). Sidescan sonar from the lower York River was 
used to more accurately delineate the subenvironments. Overall, sidescan sonar was used 
to compare and contrast surface processes with features preserved in the sediment record.
In conjunction with the Kasten cores and sidescan sonar, three Inner Ocean S4 
inductive current meters equipped with temperature and conductivity sensors were 
attached to an instrumented mooring and deployed in the secondary channel of the upper 
York River from January 26 to April 26, 1999. The data collected were used to help 
interpret the observed changes in the sediment record and changes in the sediment surface 
morphology.
V. Results
A. Upper York River Transect (Ferry Point)
Four subenvironments (shoal, flank, secondary channel, and main channel) along 
a cross-channel transect are described by a spring-neap time-series of 210Pb, 137Cs, 7Be, x- 
radiographs, sidescan sonar images, and current meter data (secondary channel 
environment only) for 1999. The bathymetric profile for the upper York River reveals a 
broad southern shoal (0-1.8 m depth) that grades into a relatively steep (0.5% slope) flank 
subenvironment (1.8-2.2 m depth) which bounds the southern side of the secondary 
channel (Fig. 2). The ~5m deep secondary channel is bordered on the northern side by a 
relict oyster bank which is, in turn, adjacent to the steep channel flank and narrow main 
channel (10.2 m depth). The northern channel flank and narrow northern shoal are both 
steep (slope of 2.7 to 2.8%).
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Sediment Structure
Flank, secondary channel, and main channel surface sediment structure is 
dominated by mm- to cm- thick laminations, whereas surface (0-30 cm) stratigraphy from 
the southern shoal typically comprises a 5 to 20 cm structureless layer overlying a section 
containing shell hash, with shell fragments ranging from 10'3 -  104m. Early spring shoal 
x-radiographs, however, reveal mm-scale laminations overlying massively disturbed 
sediments and shell hash (Fig. 2). Evidence of surface bioturbation is absent in the shoal 
except bivalves (M balthica) found in life position in a fall x-radiograph. Interbedded, 
10-20 cm thick laminated sections constrained by hiatal surfaces characterize the 
stratigraphy of the flank region. Surface (0-30 cm) laminae appear faint and slightly 
disturbed during the late winter months and become more distinct and less disturbed in 
early spring. Gas inclusions below ~20 cm are evident August through October and 
differentiate fall from spring sediments. X-radiographs from the secondary channel show 
a change in surface sediment structure from homogenous in late winter to laminations 
delineated by a sharp hiatal surface for the rest of 1999. Sediment structure at depth is 
composed of interbedded 10-20 cm thick laminated and homogenous sections delimited 
by hiatal surfaces. Marked by intermittent scours, channel sediments are laminated to 
depths of over 150 cm. Generally, undisturbed surface (0-30 cm) cm-scale laminae 
become more disturbed and cores are permeated with gas downcore.
Radiochemical Data
Though maximum penetration depths of 7Be were determined in order to 
characterize recent depositional trends, the presence of 7Be in York River surface 
sediments is inconsistent (Table 1). Replicate cores taken in the shoal and secondary 
channel subenvironments display spatial as well as temporal variability. Furthermore, 
there is no correlation between the presence of 7Be and an increase in 137Cs depth, as 
would be expected. Although the penetration of 7Be in the flank and channel 
subenvironments appears to be slightly deeper, replicate cores were not taken in order to 
determine spatial variability nor were cores collected in every month of the sampling 
period (February -  October, 1999). Notably, 7Be is present in all channel cores to depths 
up to 6 cm, 2 cm greater than found in the other subenvironments.
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Maximum 137Cs penetration in the upper York River ranges from 8-181 cm.
Penetration is greatest in the flank (mean 166+16 cm) and channel (mean 148 + 55 cm) 
subenvironments and shallowest in the shoal (average 20 + 8 cm). Replicate cores show 
an average standard deviation of -3.9 cm in the shoal and 9 cm in the secondary channel 
subevironment. Maximum 137Cs depths on the southern shoal range from 8 -  39 cm with 
greatest penetration and highest temporal variability during the late winter to early spring 
months (Fig. 3). Maximum 137Cs depths on the flank range from 134 - 181 cm and, aside 
from a 47 cm increase in 137Cs depth in the spring months, do not vary much. In the 
secondary channel, 137Cs depths range from 51.5 -  81.5 cm (65 + 10 cm) whereas 137Cs 
penetration depths were 66-181 cm in the main channel. Channel 137Cs depths, 
however, are generally greater than 150 cm. Cores of insufficient length to measure the 
maximum 137Cs penetration include flank cores from May 6 and May 14 and channel 
sediments from September 20. 137Cs penetration depths for these dates are therefore 
minimum.
All four subenvironments contain sections of uniform excess 210Pb activity to variable 
depths (4 -10 cm in the shoal, 120 - >150 pm in the flank, 40 -  50 cm in the secondary channel, 
and over 150 cm in the channel subenvironment) below which activities decrease logarithmically 
to supported levels (Fig. 4). Excess 210Pb activities decrease logarithmically to supported levels 
at or near the maximum 137Cs depth in the shoal and secondary channel, and, therefore, 
accumulation rates must be considered maximum values. The secondary channel contains 
stepped intervals of uniform activity, which are 10-25 cm thick. The 210Pb profiles from the 
flank show logarithmic decay with abrupt increases in activity in two of the cores (March 17 and 
April 4). Channel sediments, like the shoal, contain one interval of uniform excess activity, 
although to much greater depths (-150 cm). Channel sediments also exhibit the greatest change 
in mixed layer depth (-1 m) over a relatively short period of time. Although distinct differences 
in 210Pb profiles are evident between the four subenvironments, the general character of the 
profiles within each subenvironment remained relatively consistent during the sampling period.
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Currents
Current meters in the secondary channel measured current speed, current 
direction, salinity, and temperature from January 26 to April 26, 1999 at 1 m below the 
surface, 1 m above the bottom, and at mid-depth (Appendix). Surface currents range 
from 0 to 150 cms'1, and bottom currents range between 0-70 cms'1 (5-40 cms"1 during 
neap tide and 40-70 cms"1 during spring tide) (Fig. 5). Whereas surface currents peak at 
150 cm on March 17, bottom currents are highest during late January and mid-April. 
Typically, near bottom and surface salinities are similar. However, neap tide salinities in 
early February and late March show that near bottom waters are occasionally fresher (0.5 
-  4 psu) than surface waters. This trend is corroborated by temperature data, with a few 
exceptions where the data do not agree. Neap tide salinities also exhibit a lower range of 
salinities than spring tide measurements.
Surface Features
Sidescan sonar images reveal characteristic bottom features for the upper York 
River. The broad, shallow (0 -  1.8 m depth) southern shoal is characterized by irregular 
exposures of oyster shell (Crassostrea virginica) armor (Fig. 6). The degree of exposure 
appears variable in the spring months, but cannot be absolutely determined given that 
sidescan tracks did not cover the entire area. Sediments from the pod site in the 
secondary channel are typically smooth (Fig. 7). Furrows were found in the secondary 
channel in 1999, but do not occur as profusely or as often as those observed by 
Dellapenna (1999). The furrows at the upper York River transect appear to dissipate over 
the fall months. Images from spring 2000, however, reveal furrows upstream of the 
transect site in both the secondary channel and main channel, which apparently were 
stable for several months.
B. Lower York River Transects
Sediment Structure
Cores from the lower York River (downstream of Gloucester Point) were 
collected in January 1999. Three cross-channel transects and an along-channel transect 
were chosen to characterize sediment structure variability (Fig. 8). Sampling locations 
were chosen according to change in slope: shoal, grading into a steep shoal flank, a
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relatively flat terrace (widens toward the mouth), which grades into a terrace flank, and, 
finally, the main channel. The shoal was not sampled because the kasten core was unable 
to penetrate the sandy bottom. Lower York channel sediments range from homogenized 
sediments with occasional shell hash layers just downstream of Gloucester Point to 
laminated sediments at the mouth (Fig. 9-11). Channel sediments from near Goodwin 
Neck are homogenous and marked by an erosional surface at ~ 12 cm. Overall, surface 
sediments (0-30 cm) from the lower York River contain more evidence of bioturbation 
than upper York sediments. Bioturbation structures (mainly worm tubes) are evident in 
northern flank sediments at Gloucester Point, southern flank sediments at Goodwin Neck, 
and southern terrace at the mouth (Figs. 9-11). A scour surface at 8 -  12 cm is present in 
all lower York cores except for southern flank sediments at Goodwin Neck and channel 
sediments at the mouth.
Radiochemical Data
Channel cores contain 7Be 2- 6 cm except at the mouth (Table 2). Though data is 
too temporally sparse in the lower York to be able to indicate short-term erosional/ 
depositional processes the presence of 7Be does reflect recent deposition. Maximum 
137Cs depths range from 0 to 225 cm and are greatest in the channel sediments at 
Gloucester Point and least in southern flank sediments at Goodwin Neck. Within each 
subenvironment maximum 137Cs varies greatly: 19 - 225 cm (mean 105.17 ± 107.05 cm) 
in the channel, 0-27 cm (mean 13.5 ± 19.09 cm) in the southern flank, 27-43 cm (mean 
35 ± 8 cm) in the northern flank, and 23-56 cm (mean 38.75 +J20.56 cm) on the terraces 
(Figs. 9-11). Channel core 210Pb profiles from the lower York also reflect the high degree 
of variability in the 137Cs data. The channel core collected at Gloucester Point contains a 
single section of uniform excess activity to 225 cm, whereas the core just downstream 
shows uniform activity to only 6 cm. The channel core from the mouth transect has a 31 
cm-thick mixed layer and logarithmic decay to at least 71 cm. Excluding the channel 
subenvironment, excess 2I0Pb activity tends to decrease to supported levels between 24- 




Except for irregular bedforms (4-5 m wide with ~0.6 m of relief) on the northern 
shoal flank (37°14.370 N, 76°26.190 W), the lower York River is devoid of bedforms.
The bottom surface is typically smooth and marked with pound net poles.
VI. Discussion 
A. Upper York River
Accumulation Rates
Radipchemical profiles and x-radiographs from the four subenvironments 
sampled at the upper York River transect reveal distinctive differences that can be 
interpreted in terms of erosional/depositional history and sediment accumulation rates. In 
the shoal subenvironment, the presence of shell hash layers overlain by homogenous 
sediments and the absence of bioturbation and biogenic structures suggests these 
sediments are frequently disturbed. Given that the excess 210Pb activity goes to supported 
levels near the maximum 137Cs depth (Fig. 4) and that the sediment column is subject to 
ephemeral deposition and erosion to 38 cm, accumulation rate estimates must be 
considered maximum values. Using the data points below the mixed layer (delineated by 
sections of nearly uniform excess 210Pb activity) steady-state accumulation rates for the 
shoal are: March 17: 0.11 cm/yr, September 20: 0.16 cm/yr, and October 19: 0.18 cm/yr.
• • 1 q 7The accumulation rates from March and October agree with the observed maximum Cs 
depths to within 2 cm, whereas the 137Cs depth from September would be 9 cm too deep 
for the 0.16 cm/yr accumulation rate. Overall, maximum 137Cs depths in the shoal are 
much shallower than expected according to Dellapenna’s (1999) sedimentary facies 
model, which characterizes the physically dominated shoal mixed layer thickness to 
depths of 2 meters. Replotting the location of the core collected by Dellapenna (1999) 
reveals that it was actually from the edge of the flank rather than the shoal 
subenvironment. Therefore, Dellapenna (1999) described the flank subenvironment 
based on the core collected at this site, and not the shoal.
Laminated flank sediments (0-30 cm) are physically dominated, however, at 
depths greater than 30 cm in a core, sediments show evidence of bioturbation, indicating 
a change in the dominant mixing mechanism over time (Fig. 12). Two of the three cores
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collected from the flank exhibit a stepped profile with an increase in excess activity at the 
base of the sections (Fig. 4). The flank core collected by Dellapenna (1999), YR 10-30- 
96 KC-2, also displays discrete sections (0-50 cm, 60-75 cm, and 75 -100  cm) of 
decreasing activity and, at the base of which, excess 210Pb activity increases by at least 1 
dpm/g. The maximum 137Cs penetration in the March and April cores is used to calculate 
the minimum accumulation rates (2.9 cm/yr and 3.2 cm/yr, respectively) which are 
significantly higher than the 0.74 cm/yr estimated by Dellapenna (1999). The core from 
August 11 is modeled as steady state accumulation (3.9 cm/yr) because a stepped profile 
could not be resolved.
Longitudinal front cells described by Huzzey and Brubaker (1988) may explain 
the 210Pb profiles from the flank. These cells tend to either converge or diverge over the 
flank because it is the boundary between the well-mixed shoal and episodically stratified 
channel and the resultant currents may account for the high accumulation rate at the top 
of the slope. However, because the sediments are rapidly deposited, the slope becomes 
unstable and slumping could move sediment downslope, possibly resulting in the stepped 
profiles with higher excess 210Pb activity at the base of each section (Fig. 4). The 
respective core locations support this hypothesis. The core modeled as steady-state 
accumulation has the highest accumulation rate and is upslope of the other two, stepped 
profile cores. The apparent decrease in minimum accumulation rate downslope may 
indicate a transition zone between the flank and the secondary channel as a function of 
the decrease in slope.
210Pb profiles from the secondary channel are also stepped in appearance, but 
represent physically mixed layers versus high accumulation rates and slumping observed 
on the flank (Fig. 4). These mixed layers are thinner (10 -  20 cm thick in the secondary 
channel vs. 30-80 cm thick in the flank) and the excess 210Pb activity goes to supported 
levels at a much shallower depth in the secondary channel than in the flank. A 
comparison of x-radiographs and 210Pb profiles in the secondary channel shows that some 
hiatal surfaces match abrupt changes in excess 2I0Pb activity. However, not all of the 
hiatal layers coincide with mixed layers as delineated by the 210Pb data. Further
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inspection of the sampling frequency for the 210Pb profiles indicates that the sampling 
strategy used may have missed sections of uniform activity and, therefore, higher-density 
sampling of these sediments is required in order to resolve the series of mixed layers. 
Accumulation rates (assuming steady state) are calculated for the last few data points 
below the deepest inferred mixed layer: March 17, 0.25 cm/yr; April 7, 0.31 cm/yr; 
September 20, 0.35 cm/yr; and October 19, 0.44 cm/yr. Dellapenna (1999) estimated 
rates < 0.2 cm/yr. Maximum 137Cs depths agree with the accumulation rates from March, 
April, and September. According to the accumulation rate for October, 137Cs penetration 
is 30 cm too deep, possibly implying that sediments were subject to mixing from an older
<^1 A A
event, which is not resolved in the Pb profile. Since excess Pb activities reduce to 
supported levels at or above the maximum 137Cs penetration, accumulation rates are 
maximum values.
Channel sediments are physically mixed to depths o f-150 cm according to 
radiochemical and x-radiograph data. Given that the excess 210Pb activity decreases to 
supported levels near the maximum 137Cs depth, and that there are only a few points 
available below the mixed layer, an accumulation rate was not calculated.
Mixed Layer Depth Changes
Spring-Neap
Although most of the data reveal no correlation between tides and seabed 
deposition/erosion cycles, shoal data from February through April suggests ephemeral 
deposition of 5 -  31 cm with each spring-neap cycle. The sediment is deposited during 
the lower current velocities of the neap tide (5-40 cms"1) and then scoured during the 
subsequent higher current velocity spring tide (40-70 cms'1; Figs. 3 and 5). Sediment 
structure in the shoal does not reflect this trend except for the April 7 x-radiograph, which 
contains approximately 10 cm of laminated sediments implying deposition from March
1 T717 to April 7 (Fig. 13). However, these laminated sediments and the increase in Cs 
depth of -31 cm from March 17 to April 7 coincide with the annual spring freshet as 
well as a neap tide. The general absence of laminations (indicating no difference in 
density/water content) on the shoal could be a function of uniform sediment composition,
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or the sediments are deposited en masse. Shell-hash exposure on the shoal appears to be 
greatest during spring tides in March and April (Fig. 6). However, it is important to note 
that though the sidescan images are taken along the same track-line each time, the actual 
area of the subenvironment is much larger than what is sampled with the gravity cores 
and sidescan sonar. Therefore, these apparent changes in shell hash exposure could 
either be a result of erosion/deposition or the amount of sidescan collected on a particular 
cruise. Evidence of spring-neap erosion/deposition is lacking during the fall months 
either due to the decrease in sampling frequency or because fall water column and 
suspended sediment conditions are different than spring time conditions. Maximum 137Cs 
depth changes, surface x-radiographs, and sidescan images do not indicate that flank and 
secondary channel sediments are subject to temporary deposition on the spring-neap 
cycle. Channel sediments were not sampled frequently enough to ascertain a possible 
neap-spring response.
As previously mentioned, Dellapenna (1999) described furrows in the secondary 
channel on the spring-neap cycle which accounted for ~25 cm of mixing. However, 
sidescan images from this study show no to only a few furrows at the pod site from 
March through October. Images from further up- and down-stream show furrows from 
March through April and during September (Fig.7). In addition, individual furrows (0.2 
- 2 m  wide and up to 15m apart) tend to be more prevalent than groups of furrows 
spaced 0.7 to 7 m apart. Furrows were also found on the shoal between shell mounds and 




Current meter data and USGS river discharge data for 1999 show that the spring 
freshet occurred in March and April (Figs. 5 and 14). The current meter data show a 
decrease in salinity, and an increase in temperature and current speed beginning March 
12, with peak currents on March 18, during a spring tide. The shoal, flank, and 
secondary channel all show an increase in 137Cs penetration between mid-March and
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early-April (Fig. 3). Maximum 137Cs penetration peaks on the shoal occur during the 
neap tide on April 7, whereas flank and secondary channel 137Cs depths are greatest 
during the spring tide on April 14, suggesting that the spring freshet, rather than a spring- 
neap cycle, is controlling sediment deposition in the upper York River at this time. 
Alternatively, the increase in 137Cs depth from March 17 to April 14 in the secondary 
channel may be attributed to spatial variability indicated from replicate cores (Fig. 3). 
However, the increase in thickness of a surface laminated section in the shoal and flank 
and the low spatial variability indicated by replicate cores in the shoal subenvironment 
suggest that the increase in maximum 137Cs penetration in these two subenvironments is 
due to temporal deposition rather than spatial heterogeneity. These observations suggest 
the combination of spring freshet and neap tide results in a minimum of 10 cm of 
deposition on the shoal and 50 cm on the flank.
After the spring freshet, 137Cs depths do not appear to vary in the shoal and flank 
relative to the changes observed during the spring months. Although small changes in 
137Cs thickness in the shoal may be a result of spatial heterogeneity, x-radiographs 
collected from the flank region in the fall reveal that 137Cs depth variability may represent 
deposition and erosion of laminated sediments. X-radiographs from the secondary 
channel illustrate the transformation from partially deformed and homogenized sediments 
in February to cm-scale laminations constrained by a hiatal surface in March (Fig. 15). 
According to Dellapenna (1999), the range of secondary channel 137Cs depths (51.5-81.5 
cm) probably reflects spatial variability due to mixing by furrows. However, during this 
study, sidescan sonar images from the secondary channel generally showed a smooth 
bottom at the pod site and occasional furrows either upstream or downstream of the upper 
York River transect. If  furrows tend to form in nearly the same place when conditions 
are favorable, then, over time, in-filling of the furrows may cause high spatial
1 37heterogeneity in Cs penetration.
Images from the shoal, flank, and secondary channel show that the presence of 
bedforms and furrows are variable along the length of the subenvironments. In addition 
to the longitudinal circulation cells described by Huzzey and Brubaker (1988), which
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move water and sediment across-channel, small-scale circulation cells may move water 
and sediment longitudinally as well. These circulation cells may be a function of 
bathymetry and geometry and their affect on estuarine circulation. Bottom features along 
the shoal from north to south often range from furrows to shell exposure to a smooth 
bottom with high flocculation in the water column back to shell exposure and furrows. 
The areas of high flocculation may represent a circulation convergence zone. The nature 
of these across-channel and longitudinal cells must be determined in order to understand 
the overall nature of the subenvironments.
Hurricane Floyd
Hurricane Floyd passed over the Virginia coast on September 15 and 16, 1999, 
leaving in its wake a flooded estuary. Maximum 137Cs depths from cores collected 
immediately following the hurricane imply that the upper York River transect (at Ferry 
Point) was not noticeably affected by the storm surge (Fig. 3). However, changes in the 
mixed layer depth (~1 m) and depth of 137Cs penetration in the upper York River channel 
during October, 1999 suggest that subsequently there was massive longitudinal sediment 
transport. The mixed layer decreased by ~ 1 m between September 20 and October 19, 
1999 and then increased by ~1 m by the next week (October 25)(Figs.3 and 4). Changes 
in mixed layer depths of this magnitude are not likely the result of spatial heterogeneity 
because all of the cores were collected within a small area and, excluding the core 
collected October 19, the cores collected from 1999 exhibit remarkably similar 
radioisotope data and sediment structure. October 19 sediments are highly physically 
disturbed to 30 cm depth and slightly deformed laminations are evident with a small 
amount of shell hash at approximately 70 cm, 108 cm, and 118 cm (Fig. 16).
Sedimentary structural differences between October 19 and 25 are as follows: the top 30 
cm of the October 19 core exhibit disturbed laminations whereas undisturbed laminations 
from 0-20 cm characterize the core from October 25; while slightly disrupted laminations 
from 30 to 150 cm from October 19 do not contain gas pockets, October 25 laminations 
from 20 to 150 cm contain gas (decreasing in frequency downcore). Below 160 cm, the 
sediment structures of the two cores appear more similar. Therefore, storm surges and/or 
subsequent longitudinal sediment transport can physically mix channel sediments up to
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160 cm and possibly introduce new organics sufficient to support microfauna and form 
gas pockets. The other subenvironments along the transect do not concurrently reflect 
such large changes in mixed layer depth implying that the bulk of sediment transport 
occurred along the length of the channel rather than across.
The response of the James and Rappahannock Rivers to hurricane Agnes (1972) 
was massive resuspension due to the increased bed stresses produced by sea surge and 
waves (Nichols, 1977; 1993). As a result, sediments were transported up the estuary. 
After the storm dissipated, massive freshwater flooding of the rivers due to rainfall 
increased estuary stratification and pushed the turbidity maximum downstream, causing 
massive sediment transport to the middle and lower estuary. Short-term events like daily 
tides and the spring/neap cycle eventually ameliorated the storms effects and returned the 
two systems to equilibrium (Nichols, 1977; 1993).
There is no evidence that hurricane Floyd affected the shoal or flank sediments. 
The shoal may not preserve large events because: 1) the shallow bathymetry makes this a 
very energetic environment and therefore the regular processes that affect the shoal will 
quickly obliterate event deposits/ resuspensions and 2) the oyster hash observed in the 
sidescan sonar and in the cores is so profuse as to act as an armor against massive 
erosion. X-radiographs collected from the flank region on October 19 reveal a 50 cm 
laminated section overlying 20 cm of homogenized sediments whereas October 25 
sediment structure consists of 30 cm of slightly deformed laminae overlying 20 cm of 
homogenous sediments (Fig. 12). Though secondary channel sediments are characterized 
by a new hiatal surface at 10 cm and October 25 sediments are laminated to 18 cm, 
radioisotope data suggests spatial heterogeneity is the cause.
Inter-annual
Furrows and river discharge effects on estuarine circulation
Though Dellapenna (1999) observed furrows in conjunction with the neap tide, 
his 10 observations were made over a period of three and one-half years, whereas the 12 
sidescan sonar tracks collected in this study represent bottom morphology changes over 9
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months. The discrepancy between the two sets of observations could be a result of 
sampling frequency, sidescan coverage variations, or long-term variability in estuarine 
circulation and sediment supply. Previous studies indicate that furrows tend to form in 
maximum flow conditions, specifically when the water column is mixed sufficiently to 
allow secondary circulation, or helical flow (Flood, 1981, 1989; Flood and Hollister,
1980; Coleman et al., 1981). Dellapenna (1999), however, found that furrows in the 
York River tended to form during neap tides, when the water column has been observed 
to be relatively more stratified than spring tides (Huzzey and Brubaker, 1988). Shear 
velocities are also lowest during the neap tides (Friedrichs et al., 1999). The combination 
of the degree of water column stratification and shear velocity (currents) during neap tide 
versus spring tide may allow for furrow formation.
The differences in observation between this study and Dellapenna’s (1999) 
sidescan sonar may be resolved by investigating possible changes in estuarine circulation. 
The only obvious change between 1995-98 and 1999 is river discharge, which could 
possibly affect estuarine circulation patterns and the degree of water column stratification 
at the upper York River transect (Fig. 14). Changes in stratification observed from 
1996-1998 (Lin and Kuo, 1999, in prep.) indicate two scenarios of estuarine circulation in 
the upper York River. During high stratification (high river discharge) there is one 
turbidity maximum (TM), whereas when the estuary is more mixed (low river discharge), 
there are two TMs, one upstream and one downstream of Ferry Point (Lin and Kuo,
1999; Friedrichs et al., 1999). The multiple TM model shows a lower tidally averaged 
sediment flux upstream between the two TMs than in the single TM model. The 
secondary channel may therefore receive less sediment while the estuary is relatively 
well-mixed, depending on the location of the TMs within the estuary. If the furrows are a 
depositional feature, as proposed by Dellapenna (1999), then this change in sediment flux 
at the upper York River transect could affect the frequency of furrow formation.
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B. Lower York River
Accumulation Rates
Most of the cores from the lower York River exhibit some sign of bioturbation. 
Therefore, steady state accumulation rates were only calculated for those cores dominated 
by physical structures: primarily channel sediments, some of the cores from Goodwin 
Neck, and the cores from the terrace at the mouth. Channel accumulation rates agree 
with the observed maximum 137Cs depths and range from 0.20 -  1.56 cmyr1 and are 
highest at the mouth and at Gloucester Point (Figs. 10-11). Two different accumulation 
rates agreed with the 137Cs depth at the mouth: 1.56 cm/yr for the whole sediment column 
and 0.91 cm/yr for the data below 31 cm (Fig.l 1).
Sediments from the southern shoal flank at Goodwin Neck are homogenous 
upslope of significantly bioturbated sediments. Across the channel, northern flank 
surface sediments (0-14 cm) appear to be physically dominated and contain hiatal 
surfaces (delineated by shell hash layers) below which bioturbation is evident (Fig. 10). 
The excess 210Pb activities for the homogenized sediments on the southern shoal flank 
(Fig. 10 A) are extremely low (<0.4 dpmg'1) and go to estimated supported levels at 25 
cm depth. This, in conjunction with the absence of 137Cs, suggests that this portion of the 
southern shoal flank has been eroded. Dellapenna (1999) came to a similar conclusion 
about the southern flank. Though the shoal flank core downslope appears to be heavily 
bioturbated, a steady state accumulation rate (0.36 cmy'1) was calculated for the 
sediments below a mixed layer (indicated by uniform excess 210Pb activity). However, 
since excess 210Pb activities go to supported levels just below the maximum 137Cs depth, 
this rate cannot be corroborated, and a biodiffusion rate (D*,) of 3.32 cm2y_1 is calculated. 
Estimates of accumulation on the northern shoal flank (1.11 cmy’1) must be considered 
maximum values. Another core collected from the southern shoal flank (119K4), 
downstream of Goodwin Neck, is physically dominated and its accumulation rate (0.39 
cmy"1) agrees with the observed maximum 137Cs depth.
At the mouth, sedimentary structure ranges from slightly bioturbated laminations 
with a high density layer (possibly a lag/scour layer) at -15 cm on the southern terrace to
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bioturbated surface sediments (0-8 cm) marked by a scour surface at 8 cm on the edge of 
the southern terrace (Fig. 11). Channel sediments consist of laminations to depths 
greater than 60 cm, whereas homogenous northern terrace sediments are dominated by a 
scour feature at -12 cm. Since the laminations from 119K2 appear to be mostly 
unaffected by the few observed worm burrows, a steady state accumulation rate was 
calculated (0.47 cmyr'1), which estimates a maximum 137Cs depth close to the observed 
56.5 cm. Accumulation rates could not be resolved for 119K3 and 119K5, suggesting 
deep mixing. Biodiffusion rates calculated for 119K3 range from 1.11 cm2yr’1 for the 
length of the core to 3.13 cm V '1 for 0 -  8 cm. Northern terrace sediments, on the other 
hand, are physically mixed.
Comparison of Upper and Lower York River
Bioturbation structures are found in the surface sediments (0-30 cm) on the 
southern shoal flank (111K2), northern shoal flank (111K6), and the southern terrace 
(119K2 and 119K3) in the lower York (Figs. 10 and 11). Similar structures are found at 
depth (> 30 cm) in the upper York, but not at the surface (Fig. 12). Most of the cores 
from the lower York River also exhibit a hiatal surface at 8-16 cm, which is not evident 
in the upper York River cores. The biological activity observed in the surface sediments 
of the lower York River is probably a function of both increased salinity and relative 
infrequency of physical disturbances consistent with Schaffrier et al., (1987b).
Radioisotope data as well as the structural differences between the upper and 
lower York River, indicate that the lower York is less physically energetic than the upper 
York River. The overall range of 137Cs depths of the upper and lower York are similar (8 
-181 cm (mean 72.97 ± 58.66 cm) in the upper York River and 0 - 225 cm (mean 50.20 ± 
58.50 cm and 34.32 ± 20.79 cm without Gloucester Point core 111K5) in the lower York 
River). Excluding the channel subenvironment, however, reveals that lower York River 
137Cs depths are shallower than 56 cm, and do not reflect the range of maximum 137Cs 
depths found between subenvironments in the upper York River (Figs. 3 and 8-11). 210Pb 
data also reveal differences between the upper and lower York River. Excluding the 
channel subenvironment, excess 210Pb activities in the lower York decrease to supported
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levels between 24 to ~ 64 cm and accumulation rates range from 0.39-1.11 cmyr’1. The 
210Pb profiles typically exhibit a shallow (8 -1 6  cm) mixed layer before decreasing 
logarithmically to supported levels. The upper York transect exhibits a greater range of 
accumulation rates (0.11-3.9 cmyr'1), and excess 210Pb activities go to zero between 25 - 
>181 cm.
C. Environments and Facies
Upper York River
Facies have been developed based on the 63 cores taken in the upper York River 
as part of this study and the sedimentary facies model proposed by Dellapenna (1999). 
The upper York River cross-estuary gradients can be described in terms of a physically 
dominated southern shoal, flank, secondary channel, and main channel (Fig. 17 and Table 
3). The physically mixed layer (subject to erosion, resuspension, and deposition) of the 
seabed ranges from 8 -  225 cm and is typically composed of centimeter to decimeter- 
scale units of finely grained laminations bound by hiatal surfaces .
Physically Dominated Shoal
The broad shoal environment reaches from the shore to the abrupt change in slope 
that delineates the flank. Sediment structure typically consists of shell hash overlain by 
homogenous sediments at the sampling site, but become increasingly sandy towards the 
bank, where this study did not sample. The shoal is subject to physical mixing and 
deposition and erosion during the neap-spring cycle from February through April and the 
annual spring freshet (Fig. 2). From February to April, neap tide conditions result in an 
average of 13 cm of sediment deposition, which is subsequently scoured during the 
stronger currents of the following spring tide (Fig. 3). Peak spring freshet conditions, in 
conjunction with a neap tide, resulted in at least 10 cm of deposition according to x- 
radiographs and 31 cm of deposition according to radioisotope data. Though the spring 
freshet may temporarily affect shoal sediments, subsequent currents removed sediments, 
keeping the mixed layer between 8 to 27 cm thick. Storms, such as hurricane Floyd, may 
not affect the shoal because 1) the combination of currents and shell hash amour keep the 
mixed layer thickness relatively constant and 2) storm surge increased the water depth
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over the shoal and decreased wave influence. Accumulation rates are < 0.18 cmyr'1 
below the mixed layer.
Flank
Centimeter to decimeter units of finely laminated sediments separated by hiatal
0
surfaces characterize flank sediments (Fig. 2). Radioisotope data reveals a high 
accumulation environment (2.9 -  3.9 cmyr'1) subject to occasional slumping. A possible 
mechanism for this forcing by longitudinal front cell convergence over the flank, 
resulting in high accumulation to the point that the slope becomes unstable. The 
calculated accumulation rates also decrease downslope, indicating a possible transition 
from the high accumulation rates of the flank to the lower accumulation rates in the 
secondary channel. The flank did not noticeably respond to the spring-neap cycle or 
hurricane Floyd. However, x-radiographs and radioisotope data does indicate deposition 
on the order of 50 cm in conjunction with the spring freshet.
Secondary Channel
A series of stepped mixed layers characterizes the secondary channel, and x- 
radiographs reveal sediment structure remarkably similar to flank sediments. Dellapenna 
(1999) found up to 25 cm of spatial heterogeneity due to furrows, whereas this study 
found variability without the presence of furrows. If the furrows form in the same place 
when conditions are favorable, then when they are filled, the variability in 137Cs 
penetration will be preserved over time. X-radiographs, radioisotope data, and sidescan 
sonar images do not reflect the spring-neap cycle described by Dellapenna (1999), 
possibly due to the low river discharge for 1999 in comparison to previous years. Based 
on data from Lin and Kuo (in review) and (Friedrichs et al., 1999) it appears that low 
river discharge results in a more mixed estuary, which, in the York River, causes two 
TM’s to form. Sediment flux upstream between the two TM’s is greatly reduced in 
comparison to that in a one TM estuary. In effect, the upper York River at Ferry Point 
experiences a relative sediment starvation during low river discharge. Neither the spring 
freshet nor hurricane Floyd noticeably impacted the secondary channel. Accumulation 




The channel subenvironment exhibits the greatest spatial and temporal variability 
along the length of the estuary. The mixed layer at the shallow head of the river (8 m 
water depth), near West Point, is a mere 50 cm and, despite the presence of the turbidity 
maximum, shows no accretion (Dellapenna, 1999). Laminated sediments and uniform 
excess 2l0Pb activities show that the channel at the upper York River transect (12 m water 
depth) has mixing depths typically exceeding 150 cm. Sediments contain gas pockets 
that increase in frequency downcore. Sampling in the channel was too infrequent to 
capture any possible effects of the spring-neap cycle. Major events such as hurricane 
Floyd can result in longitudinal sediment transport affecting ~ 1 m of sediment. Further 
investigation is needed to determine the possible effects of the neap-spring cycle and 
spring freshet, and whether sediments are eroded between major events. Dellapenna’s 
(1999) study proposed slightly shallower mixing depths (30-100 cm) at the upper York 
River transect at Ferry Point suggesting that channel sediments are eroded between large- 
scale events. Downstream at Aberdeen Creek, Dellapenna (1999) reported mixing depths 
of 100-120 cm. Generally, mixed layer depths increase with increasing water depth 
along the channel (Appendix A).
Lower York River
Based on bathymetry and slope changes, the lower York River is comprised of 
shoal, shoal flank, terrace, terrace flank, and main channel (Fig. 17). The shoal was the 
only subenvironment not sampled in the lower York because the gravity core was not 
able to penetrate the sandy, shelly substrate. The dominant mixing mechanisms in each 
subenvironments cannot be simply assigned as either physical or biological because there
1 n
is a high degree of spatial heterogeneity within a given subenvironment. Maximum Cs 
depths appear to correlate well with changes in bathymetry, and, in conjunction with x- 
radiographs, indicate that the lower York sediments are infrequently disturbed. Variations 
in accumulation rates can be attributed to changes in bathymetry as well as how tides, 
storms, sea surges, and floods are attenuated along the York River. Further investigation 
should focus on turbidity maximum location as a function of water column
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stratification/freshwater river discharge and how it affects erosion/deposition in the upper 
versus lower York River.
VII. Conclusions
Kasten cores collected in 1999 at four across-channel transects in the York River 
were used to characterize mixing trends and determine the impact of both short- and long­
term events. Cores collected on the spring-neap cycle at the upper York River transect 
reveal that sediments are subject to physical disturbances on both short- and long- term 
scales. Four subenvironments were identified based on distinctive radioisotope data and 
x-radiographs: physically dominated shoal, flank, secondary channel, and main channel. 
Shoal sediments were eroded/deposited on the spring-neap cycle during the early spring 
months, whereas the other three subenvironments did not reflect a similar trend. Shortly 
after the peak currents of the annual spring freshet, sediments were deposited on the shoal 
and flank subenvironments. Following hurricane Floyd, currents transported sediments 
longitudinally in the channel subenvironment, but did not seem to affect the shallower 
subenvironments. River discharge variability and associated estuarine circulation changes 
on an interannual time-scale may augment the location and frequency of furrow formation 
in the secondary channel. Although lower York sediments were not sampled extensively, 
the 13 cores collected do suggest significant differences between the upper and lower 
York River. Sediments in the lower York River are more extensively bioturbated because 
1) the seabed is less frequently disturbed and 2) the increase in salinity allows for a more 
complex benthic community than found in the upper York River. The presence of a hiatal 
surface at 8 -  16 cm in most cores may represent a large event given the deeper 
bathymetry of the lower York. Though main channel sediments along the length of the 
York River reveal a broad range of mixed layer thicknesses, all cores collected from the 
channel indicate a physically dominated subenvironment. Mixed layer depths are highest 
in the funnel zone of the York River (Ferry Point and Gloucester Point) and lowest at 
West Point and the mouth, supporting the Schaffiier et al. (2001) proposal that there is an 
energy maxima between West Point and the mouth of the river. In conclusion, there is 
high across-channel variability at the upper York River transect at Ferry Point and each 
subenvironment is subject to erosion/deposition on different time scales. The upper York
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River is physically dominated whereas lower York sediments are bioturbated, indicating 
















































20 <N o 0,
0 VO
8/














































































H c4ouon *v<UM r-H*4O
U







































































































































































































































































Anthony, E.J., Lang, J., Oyede, L.M., 1996. Sedimentation in a tropical, microtidal, 
wave-dominated coastal-plain estuary. Sediment., 43:665-675.
Appleby, P.G., and Oldfield, F., 1983. Assessment of 210Pb data from sites with 
varying sediment accumulation rates. Hydrobiologia. 103: 29-35.
Baskaran, M., Ravichandran, M., Bianchi, T.S., 1997. Cycling of 7Be and 
210Pb in a high DOC, shallow, turbid estuary of south-east Texas.
Estuar. Coast. Shelf Sci. 45:165-176
Bopp, R.F.,Simpson, H.J., Olsen, C.R., Kostyk, N., 1981. Polychlorinated biphenyls in 
sediments of the tidal Hudson River, New York. Environmental Science and 
Technology. 15: 210-216.
Borrego, J., Morales, J.A., Pendon, J.G., 1993. Holocene filling of an estuarine 
lagoon along the mesotidal coast of Huelva: The Piedras River mouth, 
southwestern Spain. J. of Coastal Res., 9:242-254.
Brooks, G.R., and Doyle, L.J., 1998. Recent sedimentary development of Tampa Bay,
Florida: A microtidal estuary incised into Tertiary platform carbonates. Estuaries, 
21:391-406.
Bruland, K.W., Koide, M., and Goldberg, E.D., 1974. The comparative marine
geochemistries of Lead 210 and Radium 226. J. of Geoph. Res. 79: 3083-3086.
Calmet, D., and Fernandez, J.M.,1990. Caesium distribution in northwest Mediterranean 
seawater, suspended particles and sediments. Cont. Shelf. Res. 10:895-913.
Carron, M.J.,1976. Geomorphic processes of a drowned river valley, lower York River 
estuary. VIMS Thesis. 115 leaves.
Clifton, R.J., Watson, P.G., Davey, J.T., Frickers, P.E., 1995. A study of processes
affecting the uptake of contaminants by intertidal sediments using super (7)Be, 
137Cs, and 210Pb. Estuarine, Coast, and Shelf Sci, 41:459-474.
Coleman, N.L., 1981. Velocity Profiles with Suspended Sediment.
Journal of Hydraulic Research. 19: 211-229.
Dalrymple, R.W., Zaitlin, B.A., and Boyd, R.1992. Classification of clastic coastal 
depositional environments. Donoghue, J.F., Davis, R.A., Fletcher, C.H., and 
Suter, J.R. (eds.): Quaternary Coastal Evolution. Sed. Geol. P. 139-150.
37
Dalrymple , R.W., and Zaitlin, B.A., 1994. High-resolution sequence stratigraphy of a 
complex, incised valley succession, Cobequid Bay-Salmon River 
estuary, Bay ofFundy, Canada. Sedimentology, 41:1069- 1091.
Dauer D.M., and Alden, R.W. III 1995. Long-term trends in the macrobenthos and water 
quality of the lower Chesapeake Bay. Mar. Pollut. Bull., 30: 840-850.
Davis, R.A. Jr., Knowles, S.C., and Bland, M.J., 1989. Role of hurricanes in the
Holocene stratigraphy of estuaries: Examples from the Gulf Coast of Florida. J. 
Sed. Pet., 59: 1052-1061.
Dellapenna, T.M., 1999. Fine-scale strata formation in biologically and physically 
dominated Estuarine systems within the lower Chesapeake and York River 
Subestuary. Diss. Virginia Inst of Marine Sci.
Dellapenna, T.M., Kuehl, S.A., and Schaffner, L.C., 1998. Sea-bed mixing and particle 
residence times in biologically and physically dominated estuarine systems: a 
comparison of lower Chesapeake Bay and the York River Subestuary. Estuarine, 
Coastal, and Shelf Sci. 46:777-795.
Dibb, J.E., and Rice, D.L., 1989. Temporal and spatial distribution of Beryllium-7 in the 
sediments of Chesapeake Bay. Est., Coastal, and Shelf Sci. 28: 395-406.
Dukat, D.A., and Kuehl, S.A., 1995. Non-steady-state 210Pb flux and the use of
•yjo
Ra/ Ra as a geochronometer on the Amazon continantal shelf. Mar.
Geology. 125: 329-350.
Flood, R D; Hollister, C D, 1980. Submersible studies of deep-sea furrows and transverse 
ripples in cohesive sediments. Marine Geology. 36:M1-M9.
Flood, R.D., 1981. Distribution, Morphology, and Origin of Sedimentary Furrows in 
Cohesive Sediments, Southampton Water. Sedimentology. 28:511-529.
Flood, R.D., 1989. Submersible Studies of Current-Modified Bottom Topography in 
Lake Superior. Journal of Great Lakes Research. 15: 3-14.
Frey, R.W., and Howard, J.D., 1986. Mesotidal estuarine sequences: a perspective from 
the Georgia Bight. J. of Sed. Petr. 56:911-924.
Friedrichs, C.T., J. Lin, M.E. Scully, G.M. Battisto, L.C. Schaffner, and
A.Y. Kuo, 1999. Formation of the turbidity maximum in the York River. In: 
Addressing Management Needs for Modeling in Support of Chesapeake Bay
38
Restoration and Protection: Proceedings of the 1999 Chesapeake Bay 
Modeling Workshops. Veri-Tech, Inc., Vicksburg, MS.
Grabemann, I., Uncles, R.J., Krause, G., Stephens, J.A., 1997. Behavior of turbidity
maxima in the Tamar (U. K.) and Weser (F. R. G.) Estuaries. Estuarine, Coastal, 
and Shelf Science, 45: 235-246.
Harden S.L., DeMaster, D.J., and Nittrouer, C.A., 1992.Developing sediment
geochronologies for high-latitude continental shelf deposits: A radiochemical 
approach. Mar Geol. 103: 69-97.
Hirschberg, D.J., Chin, P., Feng, h., and Cochran, J.K., 1996. Dynamics of sediment and 
contaminant transport in the Hudson River Estuary: Evidence from sediment 
distributions of naturally occurring radionuclides. Estuaries. 19:931-949.
Huzzey, L.M.,1988. The lateral density distribution in a partially mixed estuary. 
Estuarine,Coastal, and Shelf Science. 9: 351-358.
Huzzey, L.M., and Brubaker, J.M., 1988. The formation of longitudinal fronts in a coastal 
plain estuary. Journal of Geohysical Research. 93: 1329-1334.
Kirchner, G., Ehlers, H., 1998. Sediment geochronology in changing coastal
environments: Potentials and limitations of the 137Cs and 210Pb methods. J. Coast . 
Res. 14: 483- 492.
Krishnaswami, Lai, S.D., Martin, J.M., and Meyerbeck, M., 1971. Geochmology of lake 
sediments. Earth and Planetary Letters. 11: 407-414.
Kuehl, S. A., Nittrouer, C.A., DeMaster, D.J.,1988. Micro fabric study of fine-grained 
sediments: Observations from the Amazon subaqueous delta. J. Sediment 
Petrol. 58: 12-23.
Kuehl, S.A., Pacioni, T.D., and Rine, J.M., 1995. Seabed dynamics of the inner Amazon 
Continental shelf: temporal and spatial variability of surficial strata. Mar. Geol. 
125:283-302.
Kuehl, S.A., Nittrouer, C.A., Allison, M.A., Faria, L.E.C., Dukat, D.A., Jaeger, J.M.,
Pacioni, T.D., Figueiriedo, A.G., Underkoffler, E.C., 1996. Sediment deposition, 
accumulation, and seabed dynamics in an energetic fine-grained coastal 
environment. Cont. Shelf Res. 16: 787-815.
Lin, J. and A. Y. Kuo. in review. Secondary turbidity maximum in a
39
micro-tidal partially-mixed estuary. Estuaries.
Maa and Wright, 1999. A note on sediment erosion behavior in a tidal estuary. In prep.
Meade, R.H., 1973. Transport and deposition of sediments in estuaries. In:
Environmental Framework of Coastal Plain Estuaries, Nelson, B.R. (ed.). G.S.A. 
publication, Boulder, Colorado.
Morales, J.A., 1997. Evolution and facies architecture o f the mesotidal Guadiana River 
delta (S.W. Spain-Portugal). Mar. Geol., 138:127-148.
Nevissi, A.E., Shott, G.J., Crecelius, E.A., 1989. Comparison of two gravity coring 
devices for sedimentation rate measurement by 210Pb dating techniques. 
Hydrobiologia. 179: 261-269.
Nichols, Maynard M, 1977. Response and recovery of an estuary following a river flood. 
Journal of Sedimentary Petrology. 47(3): 1171-1186.
Nichols, M.M., Johnson, G.H., and Peebles, P.C., 1991. Modem sediments and facies 
model for a microtidal coastal plain estuary, the James Estuary, Virginia. J. of 
Sed. Petr. 61: 883-899.
Nichols, Maynard M., 1993. Response of coastal plain estuaries to episodic events in the 
Chesapeake Bay region. In: Mehta, Ashish J., ed. Nearshore and Estuarine 
Cohesive Sediment Transport Washington, DC, American Geological Union.
Nittrouer, C.A.; Sternberg, R.W.; Carpenter, R.; Bennett, J.T. 1979. The use of 210Pb 
geochronology as a sedimentological tool; application to the Washington 
continental shelf. Marine Geology. 31; 3-4, Pages 297-316. 1979.
Nittrouer, C.A. and Sternberg, R.W., 1981. The formation of sedimentary strata in an 
allochthonous shelf environment: the Washington continental shelf. Mar. Geol. 
31:297-316.
Nittrouer, C.A., DeMaster, D.J., McKee, B.A., Cutshall, N.H., and Larsen, I.L.,
1983/1984. The Effects of sediment mixing on 210Pb accumulation rates for the 
Washington continental shelf. Mar. Geol. 54:201-221.
Officer, C.B, and Lynch, D.R., 1989. Bioturbation, sedimentation, and sediment-water 
exchanges. Estuarine, Coastal, and Shelf Sci. 28:1-12.
Olsen, C.R., Simpson, H.J., Peng, T.H., Bopp, R.F., and Trier, R.M., 1981. Sediment 
mixing and accumulation rate effects on radionuclide depth profiles in Hudson
40
Estuary sediments. J. of Geophysical Res. 86:11020-11028.
Olsen, C.R., Cutshall, N.Hr, Larsen, I.L., 1982. Pollutant-particle associations and 
dynamics in coastal marine environments: a review. Marine Chemistry. 11: 
501-533.
Olsen, C.R., Larsen, I.L., Lowry, P.D., and Cutshall, N.H., 1986. Geochemistry and 
deposition of 7Be in river- estuarine and coastal waters. J. of Geoph. Res. 91 : 
896-908.
Olsen, C.R., Thein, M., Larsen, I.L., Lowry, P.D., Mulholland, P.J., 1989.
Plutonium, Lead-210, and Carbon Isotopes in the Savannah Estuary: Riverbome 
versus Marine Sources. Environmental Science and Technology 23, No. 12: 
1475-1481.
Olsen, C.R., Larsen, I.L., Mulholland, P.J., Von Damm, K.L., Grebmeier, J.M., 
Schaffner, L.C., Diaz, R.J., and Nichols, M.M., 1993. The concept of an 
equilibrium surface applied to particle sources and contaminant distributions in 
estuarine sediments. Estuaries. 16: 683-696.
Reinson, G.E., 1992. Transgressive barrier island and estuarine systems. In: Facies 
Models, Walker, R.G., and James, N.P. (eds.). Geological Assoc, of Canada, 
Ontario.
Rhoads, C.D., Boesch, D.F., Zhican, T., Fengshan, X., Liqiang, H., and Nilsen, K.J.,
1985. Macrobenthos and sedimentary facies on the Changiiang delta platform and 
adjacent continental shelf, East China Sea. Continental Shelf Res. 4: 189-213.
Sanford, L.P., 1992. New sedimentation, resuspension, and burial. Limnol. 
Oceanography. 37:1164-1178.
Schaffner, L.C., Diaz, R.J., and Byrne, R.J., 1987a. Processes affecting recent estuarine 
stratigraphy. In: Coastal Sediments ’87. Amer. Soc. Of Civil Engineers. New 
Orleans, pp. 584-599.
Schaffner, L.C., Diaz, R.J., Olsen, C.R., and Larsen, I.L., 1987b. Faunal
characteristics and sediment accumulation processes in the James River Estuary, 
Virginia. Estuarin, Coastal, and Shelf Sci. 25: 211-226.
Schaffner L. C., Dellapenna, T. M., Hinchey, E. K., Friedrichs, C. T., Neubauer, M. T.,
41
Smith, M. E., and Kuehl, S. A., 2001. Physical energy regimes, seabed dynamics 
and organism-sediment interactions along an estuarine gradient. In: Aller, 
Woodin, S.A., and Aller, eds. Organism-Sediment Interactions Columbia, S.C., 
Baruch Press: 2000.
Sharpies, J., Simpson, J.H., Brubaker, J.M.,1994. Observations and modelling of periodic 
stratification in the Upper York River estuary, Virginia. Estuar. Coast. Shelf Sci. 
38: 301-312.
Srisuksawad, K., Pomtepkasemsan, B., Nouchpramool, S., Yamkate, P., Carpenter, R., 
Peterson, M.L., Hamilton, T., 1997. Radionuclide activities, geochemistry, and 
accumulation rates in the Gulf of Thailand. Cont. Shelf Res. 17: 925-965.
Sugai, S.F., Alperin, M.J., and Reeburgh, W.S., 1994. Episodic deposition and super 
137Cstime series. Mar. Geol. 116:351-372.
Wheatcroft, R.A., Jumars, P.A., Smith, C.R., and Nowell, A.R.M., 1990. A mechanistic 
view of the particulate biodifffusion coefficient: step lengths, rest periods, and 
transport direction. Marine Res. 48: 177-207.
Wheatcroft, R.A., 1991. Conservative tracer study of horizontal sediment mixing rates in 
a bathyal basin, California borderland. J. MAR. RES. 49:565-588.
Wright, L. D ., Prior, D. B ., Hobbs, Carl H ., Byrne, Robert J . , Boon, John D.,
Ill, Schaffher, Linda C., Green, Malcolm O. 1987. Spatial variability of 
bottom types in the lower Chesapeake Bay and adjoining estuaries and inner 
shelf Estuarine, Coastal and Shelf Science 24: 765-784.
Wright, L.D., Schaffher, L.C., Friedrichs, C.T., and Maa, J.P.-Y. 1996. Variability 
of bottom boundary layer processes and bed response in the lower 
Chesapeake Bay and adjoining estuaries. ALSO AGU 1996 Ocean Sciences 
Meeting.
Data Bases Used
Virginia Institute of Marine Science. November, 1999. York River Ambient 
Monitoring Data. VIMS Scientific Data Archive
(http://www.vims.edu/data_archive). Va. Institute of Marine Science, School of 
Marine Science, College of William & Mary. Gloucester Pt., VA 23062
42
U.S. Department of the Interior, U.S. Geological Survey, March, 2001.
Historical (NWIS-W) River Discharge Data. (http://waterdata.usgs.gov/nwis-w/VA/) 
contact: h2oteam@usgs.gov/
43
Fig. 1 The Chesapeake Bay and the York River in detail. Transect locations are 
indicated at Ferry Point, Gloucester Point, Goodwin Neck and the mouth 
of the York River. Sampling sites are marked at each transect by black 
circles and the current meter was anchored at the Pod Site. Bathymetry 
contours are given in feet.
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Fig. 2 The four x-radiographs represent the typical sediment structure of each 
subenvironment sampled on the spring -neap cycle February through 
October, 1999 in the upper York River: southern shoal, flank, secondary 
channel, and channel. The graph shows the change in bathymetry along the 















































Fig. 3 Changes in maximum137Cs penetration (black squares) in each
subenvironment in the upper York River during 1999 compared with tidal 
oscillations (in gray). White squares indicate that 137Cs was detected at the 
base of the core and is therefore a minimum depth. The Nautical Software 



































































Fig. 4 Excess 210Pb activity profiles for the shoal, flank, secondary channel, and 
channel. The maximum 137Cs penetration is represented by a thick, solid 
black line. Where applicable, an accumulation rate is shown in cm/yr. The 
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Fig. 5 Graphs showing salinity (top), current speed (middle), and temperature
(bottom) from mid January through the end of April, 1999 compared with 
tidal oscillation (gray line at bottom of each graph). In each graph the 
light gray line represents the data from 1 m below the water surface and 
the black line represents the data from 1 m above the bottom. The 
deployed system consisted of three Inner Ocean S4 inductive current 
meters deployed within the secondary channel at Ferry Point.
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Fig. 6 Sidescan sonar images from the same location on the shoal
(represented by the white circle in each image) from March 6 (neap tide) 
through August 11 (neap tide). The white masses generally represent shell 
hash exposure. Furrows can be seen between shell mounds in the March 
6, April 14 (spring tide), and May 14 (spring tide) images. The image 

















Fig. 7 Sidescan sonar images from the secondary channel for March 17 and
April 14 are typical of this subenvironment. The bottom at the Pod site is 
generally smooth whereas furrows are located upstream and downstream 







































Fig. 8 A detail of the lower York River showing the locations of the Kasten 
Cores (bathymetry contours in feet). The cross section of the mouth 
shows the range of subenvironments identified in the lower York River 

































Fig. 9 X-radiographs (0-30 cm) and 210Pb profiles for channel cores. The 8/11 
x-radiograph and 210Pb profile are from the upper York, 111K5 data 
is from Gloucester Point, 111K2 from near Goodwin Neck, and 119K6 

























Fig. 10 X-radiographs, 210Pb profiles, and bathymetry for the Goodwin Neck
and Gloucester Point transects. The x-radiograph for the A core from the 
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Fig. 11 X-radiographs, 210Pb data, and bathymetry of the lower York mouth
transect. The x-radiographs show changes in surface (0-30 cm) sediment 
structure across the transect. Calculated accumulation rates are given in 
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Fig. 12 Flank sediment structure for October, 1999 from 0 to ~ 80 cm. Both 
show bioturbation below 30 cm and distinct differences in laminated 








Fig. 13 Surface (0-30 cm) sediment structure changes for 1999 in the shoal
subenvironment. Laminations are evident in the April 7 core during the 






















































Fig. 14 River discharge data for the York River tributaries, the Pamunkey and 
Mattaponi Rivers, 1995 through 1999 (data from the USGS). Black 
squares denote Dellapenna’s (1999) sidescan sonar cruises and the black 
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Fig. 15 Surface (0-30 cm) sediment structure changes in the secondary channel of 
the upper York River during 1999. In particular, note the changes in 





































Fig. 16 Sediment structure changes (0- 150 cm) for the channel at Ferry Point for 
October 1999. Note the presence of gas pockets and surface laminations 
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Core identification, location, date collected, subenvironment, and water depth. 











111K1 Lower York South Flank 1/11/99 12.6 37°14.030 76°25.341
111K2 Lower York South Flank 1/11/99 14.6 37°14.230 76°24.833
111K3 Lower York North Flank 1/11/99 16.6 37°14.291 76°25.813
111K4 Lower York Channel 1/11/99 14.6 37°13.990 76°26.015
111K5 Lower York Channel 1/11/99 20.6 37°14.032 76°29.454
111K6 Lower York North Flank 1/11/99 11 37°14.371 76°29.430
119K1 Lower York Ches. Bay 1/19/99 13 37°14.091 76°20.330
119K2 Lower York South Terrace 1/19/99 12 37° 14.311 76°21.977
119K3 Lower York South Terrace 1/19/99 13 37°14.553 76°22.000
119K4 Lower York South Flank/ 
Terrace
1/19/99 17 37°14.491 76°23.200
119K5 Lower York North Terrace 1/19/99 13 37°15.104 76°21.943
119K6 Lower York Channel 1/19/99 13 37°14.883 76°21.961
215K1 Upper York South Shoal 2/15/99 2.4 37°21.682 76°39.064
215K2 Upper York South Shoal 2/15/99 1.4 37°21.641 76°39.000
215K3 Upper York Flank 2/15/99 3 37°21.731 76°38.833
215K4 Upper York Secondary
Channel
2/15/99 5 37°21.828 76°3 8.690
215K5 Upper York Secondary
Channel
2/15/99 5 37°21.830 76°3 8.704
215K6 Upper York Secondary
Channel
2/15/99 4 37°21.841 76°38.683
306K1 Upper York South Shoal 3/06/99 2.1 37°21.740 76°39.093
306K2 Upper York Secondary
Channel
3/06/99 3 37°21.839 76°38.702
306K3 Upper York South Shoal 3/06/99 2.4 37°21.534 76°38.921
317K1 Upper York South Shoal 3/17/99 2.6 37°21.354 76°37.811
317K2 Upper York South Shoal 3/17/99 2.6 37°21.680 76°39.050
317K3 Upper York Flank 3/17/99 3.6 37°21.739 76°38.829
317K4 Upper York Secondary
Channel
3/17/99 5 37°21.475 76°38.380
317K5 Upper York Secondary
Channel
3/17/99 4.6 37°21.804 76°38.632
407K1 Upper York Secondary
Channel
4/07/99 NM 37°21.814 76°3 8.643
407K2 Upper York Secondary
Channel
4/07/99 NM 37°21.814 76°3 8.645
407K3 Upper York Flank 4/07/99 5.5 37°21.724 76°38.826
407K4 Upper York South Shoal 4/07/99 4.6 37°21.540 76°3 8.940
407K5 Upper York South Shoal 4/07/99 2.6 37°21.453 76°39.056
414K1 Upper York Flank 4/14/99 2.8 37°21.731 76°3 8.853
414K2 Upper York South Shoal 4/14/99 2.3 37°21.528 76°38.929
414K3 Upper York South Shoal 4/14/99 2.3 37°21.456 76°39.051
414K4 Upper York Secondary
Channel
4/14/99 5 37°21.806 76°38.635
414K5 Upper York Secondary
Channel
4/14/99 5 37°21.815 76°38.628
506K1 Upper York South Shoal 5/06/99 2.6 37°21.466 76°39.056
506K3 Upper York Flank 5/06/99 2.5 37°21.734 76°38.847
506K4 Upper York Secondary
Channel











506K5 Upper York Secondary
Channel
5/06/99 5 37°21.823 76°38.656
514K1 Upper York Flank 5/14/99 2.5 37°21.729 76°38.849
514K2 Upper York South Shoal 5/14/99 3 37°21.534 76°38.925
514K3 Upper York South Shoal 5/14/99 3 37°21.475 76°39.062
514K4 Upper York Secondary
Channel
5/14/99 5 37°21.832 76°38.659
514K5 Upper York Secondary
Channel
5/14/99 5.5 37°21.797 76°38.593
514K6 Upper York Channel 5/14/99 10 37°22.060 76°38.151
803B1 Upper York Secondary
Channel
8/03/99 4.8 NM NM
803K2 Upper York Secondary
Channel
8/03/99 4.2 NM NM
803K3 Upper York Channel 8/03/99 8.7 NM NM
803 K4 Upper York Flank 8/03/99 2.1 NM NM
803 K5 Upper York South Shoal 8/03/99 1.8 NM NM
803K6 Upper York South Shoal 8/03/99 1.8 NM NM
811K1 Upper York Flank 8/11/99 1.8 37°21.723 76°38.855
811K2 Upper York Secondary
Channel
8/11/99 5.1 37°21.816 76°3 8.664
811K3 Upper York South
Shoal
8/11/99 1.8 37°21.482 76°39.070
811K4 Upper York Secondary
Channel
8/11/99 5.1 37°21.821 76°3 8.667
811K6 Upper York Channel 8/11/99 9.6 37°22.051 76°38.135
920K1 Upper York Flank 9/20/99 1.5 37°21.736 76°38.868
920K2 Upper York Shoal 9/20/99 1.2 37°21.483 76°39.082
920K3 Upper York Secondary
Channel
9/20/99 4.5 37°21.802 76°38.652
920K4 Upper York Secondary
Channel
9/20/99 4.8 37°21.805 76°38.652
920K5 Upper York Channel 9/20/99 8.1 37°21.971 76°38.150
920K6 Upper York Northern
Secondary
Channel
9/20/99 4.5 37°21.226 76°38.324
1019K1 Lower York North Flank 10/19/99 15.3 37° 14.665 76°24.586
1019K2 Upper York Channel 10/19/99 8.1 37°21.942 76°38.128
1019K3 Upper York Secondary
Channel
10/19/99 5.1 37°21.792 76°38.665
1019K4 Upper York Flank 10/19/99 2.1 37°21.737 76°38.861
1019K5 Upper York South Shoal 10/19/99 0.9 37°21.494 76°39.097
1019K6 Upper York South Shoal 10/19/99 2.1 37°21.447 76°39.042
1025K1 Upper York South Shoal 10/25/99 1.8 37°21.490 76°39.079
1025K2 Upper York South Shoal 10/25/99 2.1 37°21.530 76°38.927
1025K.3 Upper York Flank 10/25/99 2.4 37°21.754 76°38.883
1025K4 Upper York Secondary
Channel
10/25/99 5.4 37°21.808 76°38.655
1025K5 Upper York Secondary
Channel
10/25/99 5.4 37°21.820 76°38.663
1025K6 Upper York Channel 10/25/99 9.3 37°21.991 76°38.140
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Radioisotope data: maximum penetration of Be and Cs in each core and raw Pb 
data with depth corrected to 0.8 porosity. Supported 210Pb levels were determined by the 
mean activity of 210Pb in the core below where excess activity exists. The following 
equations were used to calculate the 210Pb uncorrected and corrected activities.
209P o q a  = Gross Area of 209Po 
210P o q a  = Gross Area of 210Po 
Swt - Sample weight 
As -  Spike activity 
Vs = Spike Volume As Vs 
209Pocor = 209Po correction 
210Pocor = 210Po correction 
210PbCOr = 210Pb correction 
Auncor = Uncorrected Activity 
Aexcess= Excess Activity 
Asup = Supported Activity 
Tcount= date sample was counted 
Tspike= date spike was calibrated 
Er = Error of Activity
1) Auncor= [(2,0P o o a /209P o o a ) /S « ) ]  [(As)(Vs)(209PoOT)(210Poc„r)]
2) 209Pocor = exp[(ln 2)/105)(Tcou,„ -  Tspike)/365.25)]
3) 210PoOT = exp[(ln 2)/l 38.4/365.25)(Tcount -  Tsplke)/365.25)]
4) ''"Pbco, = exp[(ln 2)/(22.3)(TC01int -  Tspike)/365.25)]
5) Aexcess (Auncor ASUp)/ Pbcor
6) Er = 0.02 + [ ( 210P o g a / 209P o g a ) ( 210P o g a ) 1/2/ ( 209P o g a ) 2] 1/2 +




York R iver Radioisotope Data
Date M ax. 137Cs 
dep th  (cm)
M ax. 7Be 
depth (cm)
210P b  D ata





2,0Pb E rro r
In terval 
M idpoin t (cm)
D epth C orrec ted  
fo r W ate r  C onten t
01/11/99 0 0 0.89 0.09 0.06 1 0.39
1.32 0.55 0.07 5 5.01
0.91 0.11 0.07 7 8.07
1.21 0.43 0.07 9 10.76
1.00 0.21 0.06 13 14.27
1.02 0.23 0.06 21 25.86
0.72 -0.08 0.07 25 30.78
0.85 0.05 0.06 54 72.71
01/11/99 27 0 2.97 2.20 0.13 1 0.43
3.17 2.41 0.13 3 2.24
2.21 1.43 0.13 5 4.17
2.75 1.98 0.13 7 6.23
2.77 2.00 0.12 9 8.35
1.29 0.50 0.07 17 17.90
1.39 0.62 0.08 21 23.00
0.82 0.02 0.07 25 28.16
0.99 0.20 0.06 29 33.50
0.91 0.11 0.06 33 38.84
01/11/99 43 0 3.06 2.29 0.17 1 0.45
3.79 3.13 0.14 3 2.34
1.71 0.92 0.08 7 7.28
2.82 2.11 0.14 13 14.60
2.65 1.93 0.11 21 23.15
1.59 0.80 0.09 25 28.01
1.41 0.64 0.08 33 40.38
1.33 0.55 0.07 41 53.76
0.63 -0.18 0.05 54 78.53
0.64 -0.16 0.05 54 78.53
01/11/99 19 2 3.75 2.99 0.16 1 0.34
3.76 3.00 0.18 3 1.71
3.71 2.95 0.15 9 6.36
2.39 1.61 0.11 13 10.00
1.02 0.22 0.08 17 14.71
0.83 0.03 0.05 21 20.14
0.90 0.10 0.06 29 31.16
01/11/99 225 6 3.69 2.93 0.18 5 2.81
3.80 3.04 0.18 9 5.26
4.46 3.71 0.19 13 7.83
3.77 3.01 0.15 25 15.83
3.41 2.65 0.15 33 21.37
3.65 2.89 0.19 37 24.61
3.64 2.88 0.17 41 27.82
3.67 2.91 0.16 44 31.01
3.85 3.10 0.15 54 37.95
3.26 2.49 0.13 59 40.24
3.51 2.75 0.15 69 49.20
3.97 3.22 0.20 74 52.98
3.50 2.74 0.14 79 56.71
3.04 2.27 0.12 89 64.31
3.36 2.60 0.13 94 68.12
3.47 2.71 0.15 109 79.30
3.91 3.26 0.15 139 103.55
3.71 3.04 0.16 149 111.92
3.94 3.28 0.16 169 129.05
3.37 2.69 0.14 189 146.43
3.16 2.47 0.12 219 172.84
1.46 0.69 0.09 249 203.07
1.51 0.75 0.07 259 213.10















01/11/99 35 2 4.78 4.17 0.18 1 0.36
4.26 3.62 0.21 5 3.50
3.89 3.24 0.14 9 6.86
2.01 1.23 0.10 13 11.02
1.04 0.24 0.07 25 24.91
1.30 0.52 0.07 29 29.59
0.88 0.08 0.06 33 34.33
0.97 0.18 0.07 45 48.29
01/19/99 11 0 2.66 1.89 0.13 1 0.41
4.90 4.29 0.17 3 2.04
3.66 2.90 0.18 5 3.72
4.71 3.97 0.18 7 5.19
2.41 1.63 0.12 13 9.73
2.47 1.69 0.15 21 19.94
2.25 1.52 0.09 29 28.89
0.86 0.07 0.06 49 62.48
0.83 0.03 0.06 54 77.49
0.81 0.01 0.06 69 96.18
01/19/99 56.5 3 3.56 2.80 0.16 1 0.36
3.25 2.48 0.16 3 1.92
3.02 2.25 0.14 5 3.71
2.99 2.22 0.13 7 5.67
2.86 2.08 0.12 9 7.69
2.89 2.19 0.13 17 15.31
2.66 1.95 0.11 25 23.37
2.74 2.03 0.12 33 31.32
2.30 1.57 0.10 37 35.80
1.74 0.98 0.08 45 45.48
1.58 0.81 0.08 49 50.80
0.93 0.13 0.06 64 71.66
0.93 0.13 0.06 64 71.66
01/19/99 19 0 3.96 3.31 0.15 1 0.41
3.73 2.97 0.16 3 2.03
3.01 2.31 0.12 5 3.70
2.91 2.13 0.11 7 5.53
2.20 1.46 0.10 9 7.72
0.98 0.18 0.07 13 13.04
1.11 0.33 0.07 17 18.82
0.65 -0.15 0.05 21 24.65
0.78 -0.02 0.06 29 36.30
01/19/99 56.5 2 4.81 4.20 0.17 1 0.36
3.36 2.59 0.14 7 4.75
3.19 2.43 0.14 17 13.36
3.80 3.14 0.13 21 17.30
4.73 4.12 0.17 29 24.67
4.12 3.47 0.16 41 34.93
3.57 2.90 0.13 45 38.81
1.17 0.39 0.07 54 49.51
0.98 0.19 0.06 69 69.66
0.92 0.13 0.07 74 76.34
01/19/99 23 0 3.12 2.35 0.14 1 0.43
4.56 3.81 0.20 3 2.13
3.20 2.43 0.20 5 3.93
3.30 2.53 0.13 7 5.85
2.75 1.98 0.13 9 7.75
1.54 0.75 0.11 13 12.06
1.64 0.85 0.11 17 16.80
1.36 0.59 0.08 25 26.82
1.25 0.47 0.07 39 42.82















1.21 0.43 0.07 42 48.29
01/19/99 71.5 0 4.44 3.69 0.17 1 0.39
4.35 3.59 0.20 3 2.12
3.43 2.67 0.17 5 4.04
3.65 2.89 0.14 7 5.95
3.27 2.51 0.14 9 7.86
3.10 2.33 0.13 17 15.65
2.87 2.09 0.13 25 23.31
2.96 2.19 0.13 29 27.32
3.27 2.58 0.13 33 31.47
2.58 1.86 0.11 41 40.29
1.95 1.21 0.09 54 56.27
1.41 0.64 0.08 64 70.94











03/17/99 8 0 3.25 2.23 0.12 1 0.40
3.21 2.18 0.13 3 2.10
2.88 1.84 0.12 5 3.92
2.03 0.96 0.09 7 5.77
1.41 0.32 0.08 13 9.38
1.14 0.04 0.06 17 11.24
1.06 -0.04 0.07 37 36.04
1.14 0.04 0.07 45 45.25
03/17/99 134 2 4.12 3.29 0.14 3 1.90
4.07 3.24 0.15 13 10.51
3.69 2.83 0.13 21 17.43
3.28 2.40 0.12 41 34.39
3.80 2.94 0.15 64 52.92
3.11 2.23 0.12 84 71.91
2.84 1.95 0.11 109 95.55
1.75 0.82 0.08 129 115.08
1.93 1.01 0.10 149 137.45
1.05 0.09 0.06 171 163.92
0.92 -0.05 0.07 191 189.61
03/17/99 66.5 0
03/17/99 56.5 0 4.38 3.43 0.15 1 0.38
3.21 2.22 0.13 17 13.84
2.82 1.81 0.12 25 21.21
2.38 1.36 0.09 33 30.02
2.57 1.56 0.10 41 38.13
1.96 0.92 0.09 49 46.51
1.28 0.22 0.07 54 52.51
1.02 -0.05 0.06 64 68.04
04/07/99 61.5 0 4.84 3.91 0.16 1 0.36
3.26 2.26 0.12 17 13.76
3.21 2.22 0.13 25 21.34
2.61 1.59 0.10 33 29.56
2.42 1.40 0.10 41 38.57
2.44 1.42 0.10 49 46.72
1.77 0.72 0.08 54 52.36















1.17 0.10 0.07 69 72.89
1.01 -0.06 0.06 74 80.50
04/07/99 61.5 0
04/07/99 160 4 4.15 3.30 0.14 1 0.36
4.15 3.30 0.13 21 16.32
3.75 2.89 0.14 41 31.51
3.81 2.95 0.13 64 51.08
2.93 2.04 0.10 84 68.18
2.17 1.25 0.09 129 113.79
2.04 1.12 0.08 149 133.75
1.98 1.06 0.09 171 156.51
1.48 0.54 0.08 191 177.67
1.26 0.31 0.07 211 199.34
1.00 0.04 0.06 231 221.31
04/07/99 39 2 4.15 3.15 0.14 1 0.39
3.46 2.45 0.13 5 3.67
3.23 2.20 0.11 7 5.51
1.74 0.66 0.08 13 11.15
1.82 0.75 0.09 17 14.72
1.53 0.45 0.07 21 18.35
1.28 0.19 0.07 29 25.69
1.56 0.47 0.07 37 32.76
1.32 0.22 0.07 45 39.47
1.41 0.32 0.07 49 43.11

















08/03/99 71.5 0 4.12 3.12 0.14 1 0.43
4.36 3.37 0.14 5 3.90
4.56 3.57 0.16 7 5.38
5.00 4.02 0.17 9 6.79
4.24 3.24 0.14 11 8.51
3.22 2.20 0.12 23 19.76
2.81 1.79 0.11 33 29.05
1.81 0.76 0.08 47 47.09
1.25 0.18 0.07 54 54.74
1.02 -0.05 0.06 69 82.08






08/11/99 181 0 4.49 3.63 0.16 1 0.32
4.29 3.41 0.14 21 16.09
2l0Pb Data
Date Max. 137Cs Max. 7Be Uncorrected Excess Excess Interval Depth Corrected
depth (cm) depth (cm) 2l0Pb (d p m g 1) 2l0Pb 210Pb Error Midpoint (cm) for Water Content
3.81 2.92 0.14 41 32.66
3.30 2.40 0.12 64 53.39
2.60 1.68 0.11 84 72.29
2.36 1.44 0.10 149 135.71
1.90 0.96 0.09 171 158.66
1.85 0.91 0.08 191 180.05
1.62 0.68 0.08 211 201.22




08/11/99 181 6 4.56 3.81 0.15 1 0.30
4.78 4.04 0.16 21 13.18
4.42 3.67 0.16 33 21.41
4.87 4.13 0.16 41 26.88
4.79 4.05 0.17 54 35.75
4.75 4.00 0.15 64 42.81
4.18 3.43 0.14 84 58.13
4.26 3.51 0.14 109 76.99
3.31 2.55 0.13 129 92.97
3.21 2.43 0.12 149 111.00
2.43 1.64 0.10 171 131.28
0.70 -0.13 0.05 191 155.16
0.71 -0.12 0.06 211 184.10
09/20/99 167 0
09/20/99 27 2 4.02 2.98 0.14 1 0.41
3.95 2.92 0.13 5 4.04
3.60 2.55 0.13 7 5.92
3.67 2.62 0.12 9 7.76
3.35 2.30 0.12 13 11.48
2.91 1.86 0.12 17 15.11
1.61 0.52 0.09 21 18.45
1.87 0.79 0.09 25 22.39
1.14 0.04 0.07 29 27.14
1.06 -0.04 0.06 33 32.03
09/20/99 56.5 0 3.92 2.92 0.14 1 0.39
3.21 2.19 0.13 17 13.56
2.51 1.47 0.11 25 21.37
2.34 1.29 0.11 33 29.98
1.94 0.89 0.09 41 38.63
1.92 0.87 0.09 49 47.38
1.29 0.22 0.07 54 53.71
1.12 0.05 0.07 69 76.28
09/20/99 81.5 0
09/20/99 >150 6 5.01 4.29 0.16 1 0.29
5.30 4.59 0.17 13 7.00
4.88 4.16 0.16 17 9.47
5.58 4.88 0.18 21 11.90
5.07 4.35 0.17 33 21.07
5.49 4.79 0.18 41 26.64
4.78 4.06 0.15 54 36.04
4.91 4.19 0.16 64 43.91
5.01 4.30 0.16 74 51.69
4.90 4.18 0.16 84 58.67
4.51 3.78 0.15 109 78.51
4.38 3.65 0.15 129 93.24
3.96 3.21 0.14 149 110.00
09/20/99 107 4
10/19/99 69 0 4.66 4.19 0.16 1 0.36















4.87 4.40 0.17 17 12.43
3.53 3.03 0.13 25 19.59
3.79 3.29 0.14 33 26.91
3.80 3.32 0.13 37 38.15
2.72 2.21 0.11 45 47.31
2.95 2.45 0.12 49 64.50
2.34 1.82 0.11 54 76.88
1.74 1.21 0.09 64 58.51
1.64 1.10 0.09 69 64.50
1.24 0.69 0.07 79 76.88
1.31 0.76 0.07 89 89.10
10/19/99 66.5 2 4.58 3.81 0.16 1 0.46
4.88 4.12 0.17 5 3.16
4.37 3.60 0.14 13 8.55
4.49 3.72 0.15 21 14.60
5.80 5.05 0.21 33 24.04
4.81 4.07 0.15 37 27.57
1.98 1.17 0.09 41 31.04
4.04 3.29 0.14 49 37.84
3.66 2.87 0.13 59 44.31
2.14 1.33 0.10 64 50.43
1.97 1.16 0.09 69 55.00
2.26 1.45 0.10 74 59.81
1.13 0.31 0.06 109 101.52
0.73 -0.10 0.06 149 154.47
10/19/99 81.5 2 3.41 2.39 0.12 1 0.45
2.51 1.47 0.11 17 15.09
2.27 1.22 0.09 25 23.65
1.93 0.88 0.08 33 32.11
1.99 0.94 0.08 41 40.21
1.35 0.29 0.07 59 56.21
1.10 0.03 0.06 79 86.83
1.23 0.16 0.07 84 93.46
1.06 -0.01 0.06 89 100.54
10/19/99 181 0
10/19/99 15 2 3.97 2.92 0.13 1 0.37
4.12 3.07 0.15 3 1.87
4.06 3.01 0.13 5 3.47
4.12 3.07 0.15 7 5.17
3.92 2.87 0.13 9 6.94
3.50 2.44 0.13 13 10.54
2.46 1.39 0.10 17 14.15
1.54 0.45 0.08 21 17.78







10/25/99 160 4 4.95 4.20 0.17 1 0.30
4.75 3.99 0.16 21 12.82
4.81 4.05 0.17 33 21.84
5.08 4.33 0.20 41 27.09
4.85 4.09 0.18 54 36.56
4.94 4.18 0.19 64 44.74
4.57 3.81 0.17 84 59.00
4.91 4.16 0.19 109 78.17
4.57 3.83 0.16 129 93.02
210Pb Data
Date Max. 137Cs Max. 7Be Uncorrected Excess Excess Interval Depth Corrected
depth (cm) depth (cm) 210Pb (dpmg1) 210pb 2,0Pb Error Midpoint (cm) for Water Content
2.78 1.98 0.12 149 109.99
0.86 0.03 0.06 171 135.73
Appendix C
Water content and porosity values were calculated using the equations below, note that 
for porosity calculations, the density of quartz (2.65 cm3g'1) was used.
Wtw = wet weight of sample 
Wtdry = dry weight of sample 
Wtdish = weight of sample dish 
Wc = water content 
Sal = salinity of pore waters 
p = porosity
1) W c =  (W tw -W tdry)/(W tw -  Wtdish)




















































































































































































































































119K4 1 0.68 0.86
KC-4 3 0.70 0.87
5 0.67 0.85
7 0.65 0.84





























































































































































































































































































































































































































































407K2 1 0.67 0.85
3 0.67 0.85
5 0.66 0.84



























































89 0.60 0 81



































































































































































































































































































































149 0.60 0 80





































































































































29 0.71 0 87
33 0.69 0.86
































































































































































33 0.60 0 81









































































































































































165 0.65 0 84















































































































































































1019K6 1 0.68 0.85































































































































































































Surface sediments (0-30 cm) for each subenvironment of the upper York River: shoal, 
flank, secondary channel, and main channel. Lower York surface x-radiographs are 
presented in figures 9-11.
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Flank Surface Sediments (0-30 cm)
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Secondary Channel Surface Sediments (0-30 cm)
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Channel Surface Sediments (0-30 cm)
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